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A THERMODYNAMIC ANALYSIS OF GAS ENGINE TESTS 


I. IntTRopUCTION 


1. Object and Scope of Investigation—The object of this 
investigation was to apply a rational thermodynamic analysis of the 
constant volume, or Otto, cycle, to test results obtained from an engine 
operating on such a cycle, and from a comparison of results from 
theory and experiment to discuss the factors which prevent the 
actual engine from attaining the ideal performance as defined by 
the thermodynamic analysis. 

Furthermore, by a combination of laboratory data and _ ther- 
modynamic theory it was possible to throw considerable light on 


such processes as the rate of reaction in the cylinder of the engine, 


and the magnitude of the heat losses during different parts of the 


e cycle. 


2. Method of Investigation—The thermodynamic theory of this 
investigation was limited to a discussion of the effects of dissociation, 
mixture strength, compression ratio, and character of fuel on the 
performance of the ideal cycle. 

The theoretical discussion is based upon a thermodynamic an- 
alysis* of the problem of gaseous combustion developed by G. A. 
Goodenough, Professor of Thermodynamics in the University of 
Illinois. 

The experimental work was done in the Mechanical Engineering 
Laboratory on an engine running on the constant volume, or Otto, 
eyele, at constant load and speed, with various compression ratios 
and mixture ratios, using illuminating gas and hydrogen as fuels. 

3. Acknowledgments—The experimental work described in this 
bulletin was done under the direction of Professor A. C. WILLARD, 
Head of the Department of Mechanical Engineering. Professor A. P. 
Kratz and Professor G. A. GoopenoucH followed the investigation 
throughout, and made many suggestions of value in both the theoretical 
and experimental parts of the problem. 


II THERMODYNAMICS OF THE IDEAL OrTTo CYCLE 


4. Definition of Efficiencies—A number of different thermal 
efficiencies will be referred to in the bulletin, and will be defined 
as follows: 


* “An Investigation of the Maximum Temperatures and Pressures Attainable in the 
Combustion of Gaseous and Liquid Fuels,” by G. A. Goodenough and G. T. Felbeck, 
University of Illinois, Engineering Experiment Station Bulletin 139, 1924. 
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(a) The ideal thermal efficiency is the ratio of the work 


obtained from the ideal Otto cycle, computed as shown later, 


to the work equivalent of the lower heat of combustion* of the 


fuel used, This ideal thermal efficiency is based on the assump- . 
tion of complete combustion at the time of maximum pressure 


in the cycle. : 
(b) The ideal thermal efficiency, assuming dissociation, is 


t 


the ratio of the work obtained from the ideal Otto cycle, with 
incomplete combustion, to the work equivalent of the lower heat — 
of combustion of the fuel used. This efficiency is based on the © 
assumption that dissociation occurs, so that the combustion is — 


not complete at the time of maximum pressure in the cycle. 


(c) The thermal efficiency of compression, explosion, and — 
expansion is the ratio of the work equivalent of the area on — 
the actual indicator diagram between the compression, explosion, © 
and expansion lines, to the work equivalent of the lower heat 


of combustion of the fuel used. This efficiency does not include 


losses due to suction and exhaust. 


(d) The indicated thermal efficiency is ans ratio of the 
work equivalent of the area of the whole indicator diagram to 
the work equivalent of the lower heat of combustion of the fuel 
used. 


(e) The potential efficiency of compression, explosion, and 
expansion is the ratio of the thermal efficiency of compression, 
explosion, and expansion to the ideal thermal efficiency. 

(f) The indicated potential efficiency is the ratio of the 
indicated thermal efficiency to the ideal thermal efficiency. 


5. Requirements of Ideal Cycle—When an attempt is made 
to convert chemical energy into mechanical energy by chemical and 
thermal processes, a limiting value for the efficiency attainable is 
immediately established by the nature of the processes chosen. This 
limiting efficiency, which is called the ideal thermal efficiency, cannot 
be exceeded as long as the character of the conversion process is not 
altered. However, it is to be expected that changes in the method 
of converting energy from one form to another will produce changes 
in the limiting, or ideal, thermal efficiency. It is therefore necessary, 
in establishing the ideal thermal efficiency for a given engine, that 
the properties of the working fluid furnished to the engine be taken 


* All heats of combustion used in efficiency calculation are the lower heats of combustion 
at 60 deg. F. 


into consideration. as well as the characteristics of the engine itself. 
For the Otto cycle, the heat of combustion, specific heat, and reaction 
characteristics of the air-fuel mixture must be considered, as well 
as the compression ratio, and other physical characteristics of the 
engine. 


6. Potential Efficiency—If an actual engine were to attain the 
ideal thermal efficiency its performance would be perfect, even though 
the actual efficiency of conversion of chemical energy into mechanical 
energy were only 50 per cent. A just measure of the performance of 
an actual engine is thus the ratio of the indicated thermal efficiency to 
_ the ideal thermal efficiency, rather than the actual thermal efficiency 
itself. This ratio is called the potential efficiency. 


7. Sources of Loss of Efficiency in Actual Engines—The dif- 
ference between the ideal thermal efficiency and the indicated thermal 
efficiency is caused by (1) mechanical losses and (2) losses due to 
b imperfect operation of the cycle. The mechanical losses are (1) 
_ frictional losses and (2) pumping, or induction and exhaust losses. 
The frictional and pumping losses are not discussed in this bulletin, 
since they are more or less independent of the thermal processes 
occurring in the engine. In this study of potential efficiency the 
mechanical losses are eliminated by determining the indicated thermal 
efficiency from the indicator card, using the area between the expan- 
sion and compression curves as a measure of the work obtained 
from the cycle. This efficiency is called the indicated efficiency of 
eompression, explosion, and expansion; and the problem is thus 
reduced to that of determining the maximum efficiency attainable 
for an engine using a given working fluid, with a known pressure, 
temperature, volume, and composition within the cylinder at the 
commencement of the compression stroke. 

8. Determination of Chemical Analysis of Charge within 


Cylinder—tThe items referred to by numbers in the following calcula- 
tions are those contained in the tabular computation form, Table 1. 


The charge is made up from three sources: 


(1) air drawn in, 

(2) fuel gas drawn in, and 

(3) exhaust gases left in the clearance space. 

The method of procedure used in determining the analysis of 


the charge within the cylinder is illustrated in the following example 
(p. 19), using the test data from Test No. 22, (see Table 3, pp. 56-59). 
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TABLE 1 
CALCULATION Form For TEst No. 22 


/- Compression Ratio 500 /9- Exhaust Os (l1Er 15 


2- Air-Gas Ratio SIS7 MMols /tem 3, 1446 
3-H, (8207) Btu. 182343 _\\20-Tora/ Pia 2783 
4- Keciprocal, (tera F 548417 X/0 \\2!- Volume at 70% Comp. 

3- Fue/ Cas, Clu ft PEL 171/77. =O26498+/tem!2 = Vag O38B65 
ot 60°F and 147 /b,per sq. in. 4227 22-Fress., 10. per sq. 77. abs.= Fy 12.3 
6- 2/7. S376 (eee 00932642 181,39) 
7-1 p.ia, X 189.55 63992.) Hrem 16 


8-Alr, cu. th per (ir, ar 24-T)= Fook VooX Item 23, deg.Faks. 862 


60°F and 147 lb, per sf. (| 22.561 25-VYe=006/0+ Item 12, cu.ft. 0/627 
9-7e1m0. Eth, bas, deg labs= =7, 1480 26-Fress. 1h per sq. ln. 005.2 Fig 347 
10-Fress. Exh. Gas, 27- Fig X gx len 23, =Ts deg.b abs. 1024 


1b. 20° $9. 172, AOS. = AB /49 
M-Exhaust Gas [ge —LUEGX Ta 7) 


cutt per Al, 


28- Composition 44,0 
or Oz 
One o/ of a N2 


O06 


1064.5 


/2- Cleararice 04068 pe ; 
Volume = (/em/-/ asorp \\08a-enitem 35+ 5 + 5 ie 

13-Fuel Gas, N27 S$ % O763x 

ols per Charge=|/72i7 1 \ 000006606 N v 0.763 (/-x) 
(¢-Air, Mols Nein B NS L3ISY 

per Charge,= \ltem7/ | Q00035256||\8 & 1315 (/-y) 
IS-Exhaust Gas, (ZZ 4 SE a 12520-03615 x -O6765Y 

Mols per Charge=|/?é7/l] | QO0009554 \|& 


16-Total Charge, (ols 

17-Fudl Gas per Charge 
18-Alr ta (Idols  [lteta 14 
(Equals /121n 2)=\ tem 73, 


Q000514/1E 
4000 


S537 


0.489 
0.1/4 
0.002 
0.212 
0.096 
OOS 


Composition of 
/ (70 oF 
Wer Fuel Gas 


ISTIL TT 


0.047 
NESS 0.085 
SAN pres 
VES — 4/53 
BLN 29-/.060 29-2./64 
‘4 30-Sum=6.0// 
Yo d S ~CO= 
VS NX TLS CO=K | 0763\| /rem/9 
NS OS EPS 54-i4022 [rem $0 Oe Ole 
3 LIS SS SEQ IE A 38-/t 35+ 1436 = 6.379 
EUS BM | 1002) 8 ROR 36-N, 2 (CO+,+ GH-GH-GH: 
32- Total Charge-Itl0-M-7.763 |\&~ S88 37-Total-/4,| 7457 | 0325 /4,-1%p = 0.926 
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TABLE 1 (ConTINUED) 
CALCULATION Form For Trst No. 22 


Tis"/024 | mA, p=/400 wth, \ Tao 779 
fy perllol| atts \Hper/4ol\ atta | H pero! 


121472 120 976 121 625 


an 103 331 103 612 103 160 \ 50445 
S,% F45 $63 346304 34546/ | 1969/ 
HK $42 158 542.979 54/84/| | 084 
g SS 516 657 572 534 574470 | 60894 

~&ss 608 109 606 436 60938/ | /9 $00 
N Sg 1359 010 1360906 1359000| 6795 
LSE 38a-162175 | 39- 182100|  40- 182247 
N S Ti, at Tis Hy, at To Hy, at Too 


4/- Diatomic = CO+0,+N, = 6,505 


uU ar To iu, u aor Tis 
Trp=862"| “0 | 7. =/024 


|= a 


Work 15% Comp to x% on Exp. 
x 46 | Area, sg.1P\49-B.4u.=W 


lnitial Charge 
Within Cylinder 


92-Tota/|34268 43-Total 41048 


44-Work, Btu. Pr $G. 177. 
00150589 x (eee 20 2279.5 

45-Work Area 70% 1ol$% Comp. S555 59.102 

46- Compression Wark=(/1¢in 44 X lem FE, | 12 663 Bru. 


7 ’ B Comp. (By Plarimeter): 
47- Energy lncrease upon Comp. 2/,92 | QGIET 
70 76 1015 te = (1étn 43 -/1¢17 Fé, 6760 ty, \|——_1** 


48-Hear Loss During Coinp. 70101 = (tem 46-/tem 47= 
(a Per Cert OF blys20 


HAL fern $2 = 
= PVX [fel 23 xX Wem a7 PV X 1(8932/ 


50-Work of Exp.-Woark of 
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& OFF 4 
> e ed i 
0902 | 9822 | 9bi2 | ote | oBs2 | 22°92 | otv2 | 9602 | zove | core | seve | eevee | cose | =bualtiouey 
= W(21)+H-29 
; Wal] - a7. 
E25 | 8080$ | 28008 | sezeo %0te | 29690 | Eb2Sb | G0SSb | bL6rb | b9Eb | bELED | aL9es | BEL 2 | CHES a 
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aq y 
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EL991 zepe| “Meio 
Z62/ GOG el. 
2/121 8L2 PICT NE EG 
ere (98bE CMa hes 


C0¢2 | 4852 | 8292 | 2642 | 6262 | E906 | BIze | cbcEe | sose | os9e | zice | 2290 | g966 Baty CM ype 
26961 | OE16/ 


SL1El | 29961 | 9b | ZE9b/ | 86691 | 1819 | loozl| 2o6L/ | 9199 | 1ez6/ 26411 Ad -99 


WO1LOIG 
re a er) 907 | 279 | O92 |-ot6e | eeu | ser | oot |.goc1 \ 06s ee 
: Y GINSSB1d -GS 


LILO | uz60 | F260 | 85060 | (8060 | #0920| cezz0| ses10 | ce9/0 | bevio | zzer0 | overo | bio |#7?.2 Te 
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TABLE 1 (CoNTINUED) 
CALCULATION Form For Test No. 22 


7 1500 


Peoz 38.0505 | 364/95 | 374543 | 445968 | 422894 \ 429479 

PH20 42.8069 | ¢/4773 | 42.3287 | 454933 | 458990 IE4E4S 

Poiar. I34694 | 32.4249 | 33.094) | 35.5580 | 85£.9407| 362993 

Gr 227131 \ 26.7693 | 27.3722 | 296548 | 300/90| G03626 

Gena 19.0658 \ 170483 | 18.3801/ | 242967 | 25.4620| 266196 

ba. Hy 35.4049 | 33.2174 | 94.5889 | FOCB0F | 41 B02/\ 42.9022 

GMa 375289 | 35452/ | 96.7577 424323 | 73.9595 | 444627 

Cate 41.9890 | 39.5290 | 41.0719 | 478554 | 49.0945 \ 503074 

Cg Me FLORIS | 959604 | 38.9094\ 557878 | 591170 | G2436/ 

molenti| | a6¢ | 700 | a00 | 1800 | 1400 | 1600 

0.200 ; 24909| 83/94 8.5896 


0.387 i . 16.3812 \ 176089 1798/8 
6.505 Poiat d : 231.3048 | 233.7942 | 236.1269 
: O48P ge , : , 1450/2 | 146793 | (48473 
QO57 é d é 13849 15173 
Q002 Z. y : 4 QO8/4A 0856 | C0656 

Q106 . , , 4.4976 4.7130 

QO032 d f é 15314 1 G098 


0005 Bxte Q2956 | O22 


Total= Eg 2657897 
a4 a |__| -a.s0er | -a0red| 12a7ss| ansces| cate 
, 65: First bife = [see | _~‘| s2a57_| 040 | 


Yo = /te%7 2/ 0.3865 


Y= Item 12 Voo =0.04068 Item 12 0.5085 
aio ¥ 73186 
Loge 057978 -0./1916 


/4,=/1em 20 THOD. 
66- 457/*™, 35.576/ 
67- 4S7X/GALOD): =| 20.6263 || 68- 457/44 LOG, G2 | - 4.2392 
(rem 64 206066 =3.0764 
ltem 67 - /1¢1n 64 - 00177 -1./608 
(tam 65 54697 
69- in deg. abs. /400 7/- Tio in deg. F Aes. 779 
ih aeg Fabs = /t 24 ee ES 
Zin 1b per qin abe lhZ2 fee 
= a a 
Ess | 2.0/4269/ | eT e 


————— ~~ Vo . 
Lx t= em 694 Item 65a | $320 Too X Yruo = Trem 6a 592.186) 
eee yo, Bo 
70-B=X ex £ 75.91 || 72- Fo™ TreoX Vso Tro G4 4 
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TABLE 1 (CONTINUED) 
CALCULATION Form For Test No. 22 


182100 


/1e1 39=H, at To 


Z:/400 | 4600 | 4700 | 4800 


Bhs 10504 | 46536 \47752 | 48978 . /tem 73 180564 
Uno 9000 | 9992 |\4/412 |\4Z870 /tem 39-ltem 79\ 1536 
Udiat. 7033 | 2664/ | 27394\ 28/159 WIP = 1h AS. 00 22 


lier 74 


Wleo,| 6014 | 35507 | 36435 | 37366 75- Te 
Muly,o | 11835 | 52589 | 54457| 56374 (Complete 
MMojg\ 37831 W43302Z | /47952 | 15/467 Combustion) 


etsy anes 


I2-33, 0763 
M34, LHS 


It 38, 5379 4722 


4=/1e777 70 
142/127 20 


TE 
2783 is 
108 96.2 


74722 | 3100 
$5.7077\ 0.7292 \ 51.0954 \ 51.4516 
$7048 | $2.1857 | 24928 \ 52.7979 
43.1728 | 40,5306| 40.5254 |F0.7166 


| mg _| 

mco, | ¢2.5050| 38.7064| 38.9858 | 392576 
Mby,o | TE0753.| B674Z\ 69.0280 | 694292 
M@viat \232,0265 | 216.9383 | 2/7986! |2/9.0/46 


E777 a 


QO0E96EES 


7 
It 33, 0.763 
Mt 34, 13/5 
It. 36, 5.379 


7457 
ISE12 


es ae ee 79 Ag | «| 26.5379 23.6069) 22.1054 
Ke : ; 
77b-4.57/% Mz 34.0859 80 Ist Diff | |__| 47310 | 170186 


78-4.57/14,Log ff 23,8250 


/tem 78 23.8250 /tem 37= 112 7.457 
/tem 79 25.5379 ih TE 23854.9 
litem 78-/tem 79 “7129 /tem 76 O.00696665 
/tem 80 1.73/0 M1 X ltem 76 /66./88 
ltetm 78-ltem 73 v99 99 62- P= lh7q 4 Item 76 33.24 


/tem 80 
%q jn deg. F abs. 


/tem ?7a 
in 1b. per sq. in. 


8l- 


L2/t.7/ \ Tg=/t. 61 \ Tg =ItH/8 

779 3/99 | 3209 

SUZ | 29936 | 30052 
4926 | 23500. | 23598 


387/ 17190 


84-/1em 40= H, at Too 
85-/tem 40-/1em 83 


86- Complete Combustion, 
lde@al Efficiency, It AX U65 


87- Efficiency of Compres- 
Z Explosior, ard 
/t 33,0763 | muzo,| 3900 | 2284) | 22930 ma ils oy ; 
It 34,115 \ muno\ 6478 | 30902 | 3/03/ Expansion; I. 4@X/t 50 
It. 38, $.379\ mUpian| 20822 | 92/31 | 92965  8la- lem 40x Item 83a | 6702/ 
3/200 146426  87b-/deal Efficiency 


83 B3a with Dissociation = 
114674 | 15226 len 87a X [tein 4 


182247 


37.06 % 


2740% 


36.76 


i 


Tr 


Upiar 


Lin, 


Leg @7.T 
90- KE en 
Be, Ae 
9/- zZ Fin, 


| ga LONGO 
2 /ter 9/ 
rhe ltée? 89 
[1207 91 


Cc 
clb-l) 
92-clb-l)-(a+) 
93- (Item 92)* 

a(c-l) 
4b 


94- 4ba(c-/) 


, Um 
(K+e,+r) w Upiat. 
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TABLE 1 (ConTINUED) 
CALCULATION Form For Trst No. 22 


4550 | 4600 | 4650 
£6267 | 2664/ | 270/7 


188623 | 191309 | 194009 
33097 | 3356/ | 34028 


89- Sum+ Item 88 | 2094/9 | 212569 | 215736 


1434 
F222 
701510 
138066 


C6526 | 06534 


45899) 16162 


6.878/ | 69820 
40574| 43023 


3.7643 | 38360 | 3.9086 
62556 | 6.3596 | E4698 


23.5480 | 24.3954 | 25.2683 


95- I12in 94+/1€10 93) 26.1218 | 2 7689S | 294002 


96- Vitam 9S 


Sate 


97- Item 96+Item | E752 74549 


98- Za(c-/) 75286 | 76720| 78/72 
6 A MLLBELE 

99- x= ag | 28920| 09224| 09537 

/-x 01080 | 0.0776\ 00463 

ax Q5AIS | Q6020| 0623 

100-y=b-ax | 09824 0.9931 
(1€177? 282 = So 

kx 0.3638 

£y 06530 

e” 02352 

Loge” 13H4 

Log x: 1.9504 | 19649| 1.9794 

210g Y*" 4/06 | 1.662! | 1.662/| 1.6621 

Log(/-x) 1.0334 | 2.8898 | 2.6656 

zloge” 172. 995 | 1.6857 


107- Rixy) =logx+s 
“ Gi 


-zloge” = 
Log7T 

zlLogT 
LOG Meo 


108- L(7T)= 


3.6580 | 3.6628 | 5.6674 
1.8290 | 1839/4 | 18337 
1,323/ | 1.2609 | /1.200/ 
B/S2/ | 5.0923 | £0358 


7log7 +Logkn, 


21 16: 
log "t2fl#? _ fag ()-x) 
8669 | 30377| 32902 


17 
/tem 69 To /400 
Hyco at To 120976 
Kim 7 To /03612 
Lojagn QT 7o 7033 
Uy, At To 6275 
K O763 
Z LIS 
A+ea,+r 7180 
KH veo + 92305 
ron +/36250 
/tetn 39, Total fi at To - 182/00 
(e+ r)X Upian - 50504 
Li, = TefHo¥S 
88- Sum -/230/ 
10!- With Dissoc., Te: 46/0 
/02- x 0.9288 
/03- y 09888 
/tem 28L, lo 8.9960 
l03a- $x -O.3543 
103b- £y -0.650/ 
104- i a 24H6 
Tos hae BA SAS IEF 
A 
Mem 76,= AS. 000696665 
105-B"=19"Te" x I-76 | 240.6 
Log 14.7 11673 
Log /tem 76 3.8430 
log 147-Log lt 76 \ 3.3243 
/ 11, TeX 14.7 
106-7409 iG Tak 1.662/ z 
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TABLE 1 (CONCLUDED) 
CALCULATION Form ror Trest No. 22 


10.722 
lem lé 


109- Kx 0.7087 | A763 
K(/-x)=K-lt 109 | 00543 | 20 


HWo- Ly 1.3003 | LS 
Lil-yJ=L-ItHO \ Q0l47\ 20 


=VY cu.ft 


/t@in 28Q= @o 
-lten (03a 
-/temm 1030 
Mem FS 
ee QO2Z476 | 22/30 
18504 \ 1, 8825 
Log hx -OMPS 
Log k(/-x) oe 


12.3170 
12.7263 
42.9915 
36.9440 


Logly 
LoglL(/-y/ oe 
Z yp 73938 | 13284 
og a -06062 |\-067/6 


hx Log kx 
K(/-x) Logf[Ktl-xyf 
Lylogly 
L(+) Log {Lir-y 
evlLoge” 
M/- Sur 


= aces |- 20765 


H2 NEES 
45% [teta M1 \_ 0.9302 \-0.3497 


al 1.00318 \0.20064 
lag 29%. | a00137 | 7.3024) 
It. 778 
AS57/"¥M  \34244) |\340859 
1544 


N4-4.371//1Log +Q0469 |-23.7780 


3500 


20.0//9 | 19.938/ \ 19.8686 
13.3593 | /3.3437 | 13.3244 
40.3306 | 40.5254 | 407/66 


34.3440 | 345382 | 34.7285 


-ltéln l0Gka=hKxa |\-19.6899 “/5.2128 |\—]/5:/597. 
-lein HOXB=-LYfS \-16.5480 -175470 \-/7.5216 
(4G 47) X PDojat 308.7220 | 289.6/40 | 29.01/29 | 292.3859 
He 48.58/4 | 45./624 | 454/77 | 456680 
Item W2 or 113 \W2) 0.9302 \U3) 0.3497 \Ul3) 0.3497 |) 03497 
-ltem 4 - 0.0469 23.7760 | 23.7780 23.7780 


HN7- Ist DIFF 


/té@m WS 327.9488 
/tem 1/6 S2Crgoo 
Vte~n 15 —-lrern U6 0.1503 
l1Eetn HS- /ter7 We 
jrem (7 #100 > 
W8-(With Dissoc) , Tq 3209 F. abs. 


UN be Wé HE 6 
327.9488 | 326.0675 | 3277905 | 329.5003 


/ 


/tem 37 = M, 7457 
Vig = Ite 37% Item H8\ 23929.5 
ltem 76 000696665 
119- ig X [tem 76 166.708 
120-R = Wealla (With | 33.34 1b per 


/tem!  Dissoc.)\ sg. in. abs. 


Pete 


ot le 
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Engine Data: 


Enembsepends >.) < . » « 837.6 Pps) Nis 
Suction strokes . 2 GER per min. 
Clearance. volume . .... , 0.1017 cu. ft. 
Air Drawn into Cylinder: 
WOrmiC DE air 8, Cs BRB eu ft per min. 


at 60 deg. F. and 
14.7 lb. per sq. in. 


28 a ee 


Analysis of air: 


Ree ye ae > Te. 1.6 per cent 
ee ee i eae. ep BOE per cent 
Ne Oe a ee eS 77.8 per cent 


Volume of one mol of any gas at 60 deg.. 
F. abs. and 14.7 lb. per sq. in.: 379.1 cu ft 


Mols of air per charge: 
22.561 
168.8 379.1 
Fuel Gas Drawn into Cylinder: 


= 0.00035256 (Item 14) 


Wolumevorinel gas. 4 2. =. os 4.227 cu. ft. per. min. 
at 60 deg. F. and 
14.7 lb. per sq. in. 


Mols of fuel gas per charge: 
4,227 al 
—— X ——- = 0.00006606 (Item 13) 
168.8 379.1. 
Exhaust Gases Left in Clearance Space: 


Temperature of exhaust gases . . 1480.0 deg. I.* 
Pressure of exhaust gases. . . . 14.9 Tb. per. sq. in.”- 


Volume of one mol of gas at 1480 deg. 


F. abs. and 14.9 lb. per sq. in: 


1480) §=6£14.7 
—— « _— X 379.1 = 1064.5 eu. ft. 
520 14.9 


Mols of exhaust gases left in clearance space: 


0.1017 
1064.5 


= 0.00009554 (Item 16) 


The temperature given is that of the gas 


* The exhaust valve closed on dead center. 
The pressure is that measured on dead 


issuing from the valve just before its closing. 
center, as shown on the low pressure indicator card (see Fig. 1). 


a on 7 
‘ 5 “a 
re e is a2 
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Collecting the results, the composition of the charge within the 
cylinder is as follows: 


Ss 


Mols per Stroke Mols per Mol 
of Fuel Gas 
Buel asia ye on OL000 066 06Re- 0. ee ODO - 
Ale 4) ue 4, 0000 B52 DK Se me ee eaT 2 
Exhaust gas. . 0.000 095 54 . . . . 1,446 
Awoyeih se CONUS AYRE (Item 20) 


The second column gives the composition based on the amount — 
of fuel gas as a unit. 

The chemical analysis of the exhaust gas is assumed to be that 
of the products of combustion of the mixture of fuel gas and air 
undiluted by exhaust gas. This is an approximation, since the actual 
exhaust gas is the result of the combustion of a diluted mixture. 
By a progressive calculation the analysis of the products of combus- 
tion of the diluted charge can be determined. However, the difference | 
between the products of combustion from the diluted and undiluted 
charges is less than the probable experimental error in the fuel gas 
analysis, and on this basis the approximation is justified. 

Items 32 to 37 give the computation of the analysis of the original 
charge and of the products of combustion. 


/8 sumone ae 5 
3 Foaanee 

Q/6 Re Ep 

8 (oS Sete 
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LN ae 
ERRERERRPAReL 
BRRRURS See. 
A lei. 


a 
sedastonestartars: 
HEE EEEEEEEEEEE EB 


60 Ae a 


D 


exes 
anne 


ea) 


Pressure (1? 10. er SF. 
Ss 


rN 


ital i 30 60 
Per Ci ae ae Distor es 


Fic. 1. Low Pressure INDICATOR DIAGRAM For Trst No. 22 
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9. Calculation of Initial Temperature.—In order to begin the 
computation of the ideal cycle it is necessary to know the temperature, 
pressure, volume, weight, and composition of the charge within the 
cylinder at some point during the cycle. The following method of 
computation gives the physical properties of the charge at a point 
70 per cent of the piston stroke from the head end of the cylinder, 
on the compression stroke. This point is used as a starting point 
for the computation of the ideal cycle. 

Since the pressure, volume, and weight of the charge within 
the cylinder are known, the temperature at any point on the com- 
pression curve previous to ignition can be determined by the use 
of the perfect gas law PV—= MRT. The pressure and volume at the 
end of the suction stroke cannot be used to determine the initial 
temperature since the inlet valve is still open and gases are flowing 
into the cylinder. Also the charge is not as yet thoroughly mixed. 
_ To allow ample time for mixing and to be certain that the complete 
_ charge is within the cylinder, the calculations are based on conditions 
at 70 per cent of the piston stroke from the head end. The initial 
temperature to be used as a starting point for the computation of 
the ideal cycle is calculated as follows (Items 21 to 24): 


Pressure at 70 per cent stroke = P_, = 12.3 Ib. per sq. in. abs. 


Volume = clearance + 70 per cent piston displacement = 
0.1017 + 0.70 0.4068 = 0.3865 cu. ft. 


M = 0.000 514 16 mols (p. 20) 


PY 12.3 X X 0.3865 
f= — = Ni aadietcu Sandie = 862 deg. F. abs. (Item 24) 


ME 0.000 514 16 X 1544 


10. Equation for Adiabatic Compression—Having established 
the point at 70 per cent compression stroke as a starting point, the 
gas is compressed adiabatically. For the purposes of computation 
it has been found convenient to use a certain function ¢. The develop- 
ment of this function follows. 


From the first law of thermodynamics 


GG = Ot i pay e «= 2 2 4 ss cL) 
_ where dq = heat added 
du = change of thermal energy 
pdv = pressure multiplied by change of 


volume, or the work done, expressed 
m Bit. 


aca . dq = 0. herefore 
0 he adiabate cas el 7 se ete 


— ~ ft A aes aang a: oe 
| du = Asin inet Big gk a So eer S 
also at 7 a ia 
du = L : ++ a 
Pe yo = sagt! _ a. * a 


where y, is the dusteniancens specific heat at epee volume f 
the whole charge being compressed. The specific heat may bee aK- 
pressed as a function of the temperature 


yo =a + oT + fT? 
From the perfect. gas law ; 
MRT : ar 


em freee, 
7 


Hgaannn (1) may now be written 
dv 
— b T )aT = — eee PN a. C 
(++ + #0 )a MRS : (1b) 


Integrating between the limits 7, and T 


oe 
a loge 7, + 6 (TT, ) + 4f(T?—T,”?) = UR loge 3 . (le) 


=F where the subscript 1 denotes the initial state. Rearranging, the 
equation for adiabatic compression may be written 


$ (2) — 4 (0,) = MR loge... .(2) 
or, if m is the number of mols of each constituent in the charge, they — 
can be summed up as follows: 
: mgd — 3m, = MR log. ue 
Changine* to common logarithms 
smd — md, = 4.571 M log 2 . (2a) 


11. Calculation of Temperature at End of Adiabatic Compres- — 
sion.—The equation for ¢ developed in Section 10 is used to deter- 
mine the temperature at the end of adiabatic compression. Since V 
and V, are known and ¢(7',) can be computed from the initial condi- 
tions, ¢(7') can be calculated. The value of $(7) as calculated 
above is then compared with the values of (7) for several assumed 


*R = 1.985 
Logarithmic conversion factor = 2.30259 
1.985 x 2.80259 = 4.571 
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“es (as calculated from the table of ¢), and by interpolation © 
he final temperature is determined. 
_ The volume at 70 per cent of piston stroke is 

| 0.70 < 0.4068 + 0.1017 — 0.3865 cu. ft. (Item 21) 
‘The volume at the end of compression is the clearance volume, or — 
0.1017 cu. ft. (Item 12). 
Then 


a es 0.3865 


— == — 


Vv ¥..9) OA0TY. - 


The mass of the charge is 7.783 mols (Item 20). 
Then | 


smd — Img, = 4.571 X 7.783 log,, 3.8 
= 20.6263 (Item 67) 


The values of the ¢ functions have been computed from equation (1c) 
for the various gases and tabulated for 10-degree intervals. Taking 
the value of ¢ for each constituent of the charge at 862 deg. F. abs. 
(the temperature at 70 per cent stroke) and multiplying by the 
weight of the constituent, the sum is 


smd,— 262.1301 (see p. 15, Table 1). 
Then 
smd = Ind, + 20.6263 
= 262.1301 + 20.6263 
- == 282.7564 


Assuming the temperature at the end of adiabatic compression to be 
: 1300 deg., 1400 deg., or 1500 deg. F. abs., the values of 3m¢ are 
1 computed, giving 


| at 1300 dee. . . . . . « Sm = 279.5057 
1400-deg. . . J”. . + Sid == 282.7387 
1500 deg. . . . . « ) « Sm = 285.7837 


By interpolation between these values T,, at the end of adiabatic 
compression, is found to be 1400 deg. F. abs. (Items 64 to 69). 
Computing the pressure at the end of adiabatic compression 


vy V 1400 0.3865 


0 ALE ae 
a ee ee ry 18 Sige ONT 


— 75.91 Ib. per sq. in. abs. (Item 70) 


12. Calculation of Temperature at Beginning of Adiabatic Com- 
pression.—By the same method as used in the preceding paragraph 
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the temperature and pressure at the beginning of adiabatic com- 
pression are computed, giving 


Too = 779 deg. F. abs. (Item 71) 
Pio) = 8.45 lb. per sq. in. abs. (Item 72) 


13. Calculation of Maximum Temperature of Complete Com- 
bustion.—For the combustion of the compressed charge at constant 
volume equation (1) reduces to 2 


ti =p OS AL ee 


where q is the heat developed by the reaction carried to completion, 
or H, at 1400 deg., the compression temperature. This heating value 
is computed in Item 39,* and is found to be 182 100 B.t.u. per mol. 


From equation (3), if dg = Hy», the heat of combustion at constant 
volume 


H, = Up, = Uy, * * . e . = = a (4) 


. 


where U,, is the energy of the products mixture at the maximum 
temperature and U,, is the energy at the compression temperature. 
From Goodenough and Felbeck’s tables off thermal energyt the 
values of wu for each constituent are found for a temperature of 1400 
deg. F. abs. The total energy Up, is thus 57 680 B.t.u. (Item 73a). 
Assuming the temperature of complete combustion to be from 4600 to 
4800 deg. F. abs., the energies at those temperatures are computed. 
By comparison of the value of H, with the difference Up,—U>,, as 
given in Item, 73, the maximum temperature of complete combustion 
is found to be 4722 deg. F. abs. (Item 75). 

Computing the pressure at the end of the complete adiabatic 
combustion at constant volume 


M, ee re 7457 4722 
oP 7-78s 460 


= 245.31 lb. per sq. in. abs. 


< 75.91 


M, and M, are the weight of the charge in mols before and after 
complete combustion (Items 20 and 37). 
14. Calculation of Temperature at End of Adiabatic Expansion. 


—Using the ¢ functions in the same way as outlined in Section 11, 
the volume ratio being 


V, 00 


yo 5.00 (the compression ratio) 
“a0 

*The heating values of the various constituents of the charge are those given in 
Tables 34 to 36 of Eng. Exp. Sta. Bul. No. 139. 


yj Eng. Exp. Sta. Bul. No. 139 Tables 25 to 29. 
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the temperature 7’, at the end of adiabatic expansion from 4700 deg. 
F. abs. is found to be 3199 deg. F. abs. (Items 79 to 81). 

The pressure P, at this point is found to be 33.24 lb. per sq. in, 
abs. (Item 82). : 

15. Calculation of Maximum Temperature of Incomplete Com- 
bustion.—The following calculations are based on the assumption 
that the whole mixture within the cylinder is in a state of chemical 
equilibrium at the instant of maximum temperature. The complete 
development of the theory and methods of calculation is contained 
in Bulletin 139 of the University of Llinois Engineering Experiment 
Station. 

The general method consists of the graphical determination of 
the three variables 7’, x, and y, where T is the absolute temperature 
at which chemical equilibrium occurs, x is the degree of completion of 
the reaction CO + $0, 2 COs, and y is the degree of completion 
of the reaction H, + $ 0,55 H.O. For a complete reaction, x and y 


_are both unity. For the determination of these three variables three 


equations are necessary. 

The first of the three required equations is the ‘‘energy equa- 
tion,’’ which expresses the relation between the thermal and chemical 
energies of the mixture before ignition and at chemical equilibrium. 
This equation is derived from a consideration of the thermal and 
chemical energies of the working fluid before ignition and at the 
time equilibrium is attained.* 

In its final form it is 


LyHo" gee H’. tly oe LA, +LAu, + 


2 
(K beotr) Au, — Kr Wry ree 5) 
in whicht 
L = mols of H, in the initial mixture 
ae = mols of CO in the initial mixture 
@ = proportion of CO burned to CO, 
y = proportion of H, burned to H,O 
H’'y,;, = heat of complete combustion of ag tat Gar tanpersiuze fs 
H'"yoq = heat of complete combustion of co “5 
Tel = heat of complete combustion of mixture at initial temperature 7’ 
Ayo = heat of combustion of CO at initial temperature Ue 
Hy, = heat of combustion of H, at initial temperature Hig 
Au. = change of thermal energy of H, between 7 and die 
yarns = change of thermal energy of other diatomic gases between 7 and 7’, 
c = mols of O, remaining after combustion has proceeded to the 
‘ equilibrium point 

r = mols of N, in the mixture 


* Eng. Exp. Sta. Bul. No. 139, p. 44. 
+ All heats of combustion are the lower heats of combustion in B.t.u. per mol. 


This equation is of the form 
i ae SOR ea OT TP et Se 
The water-gas equilibrium equation must also be satisfied, 


ll, + CO, 55 H, + CO. This equation expresses the relation which — 
must exist between the CO, H., CO., and H,O for any eye temper- 


ature, and is 
y (1-2) 
eS et aCe 
Clay) ce 


in which c is the equilibrium constant of the water-gas reaction, for 
the temperatures under consideration. 
Eliminating y between equations (6) and (7) 


a(e—1) + [a+b—c (b—1)]x—b =0 


a quadratic equation in x. Solving for x 


—fe-b b= eb — 1) )£+/ fo-+b —c (6—1)]?-+- 4. 0d Co} 
hoe a fel : 
a (c—1) 

Referring to the tabular computation form (Table 1) the values 
_ of x corresponding to values of T of 4550, 4600, and 4700 deg. F’. abs. 
are computed in Items 88a to 99. The values of c, the water-gas equil- 
ibrium constant, are obtained from Table 32, Bulletin No. 139. 

From the energy equation (5) the value of y is determined for 
the values of « found (Item 100). 

The equations of chemical equilibrium for both the CO reaction 
and the H, reaction must also be satisfied, but the use of either one 
of them, together with the two preceding equations, will completely 
determine the three variables 7, x, and y. 

Using the equilibrium equation for the CO reaction as given in 
Bulletin No. 139, 


7 M,T 
log K,,,, + 4 log 1’ = log x + 4 log —— — log (1—2) 
0 
K L 
—.4 log (¢5 = — "8 = yp) eee 
$ log (0 5) 5) 7] (9) 
in which 

Kpgy = equilibrium constant for the reaction CO + 30, < CO, 
a mols of gas in the charge 
r. = temperature at the end of compression, deg. F. abs. 
ie = pressure at end of compression, lb. per sq. ft. abs. 


0 
The left hand member of this equation is a function of TJ alone, or 
L(T). The right hand member is a function of x and y alone, or 
R(ax,y). 


r 
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is Now, taking values of x and y as determined by equations (6) 
and (8), and substituting these in equation (9), values of R(2,y) 


are found (Item 107). Values of L(T) are also calculated, using 
the values of K,,, from Table 30 in Bulletin No. 139, for the assumed 
temperatures 4550, 4600, and 4650 deg. F. abs. (Item 108). 

The values of R(a,y) and L(7) are plotted against T in Big. 2. 


The intersection gives values which satisfy all three equations (6) 
(8), and (9). 


2 
SS 


Values of Rixyé L7] 


C5 00 4600 4700 


Temperarure 1? deg. F abs. 


Fie. 2. VALUES ofr T, E(2,y), L(T), £ AND y FOR THE DETERMINATION 
OF MAXIMUM TEMPERATURE OF INCOMPLETE COMBUSTION 


Plotting also the values of x and y as determined for the various 
temperatures and using the temperature determined by the intersec- 
tion of the R(z,y) and L(7') curves, the following results are obtained 
for the conditions existing at the time of maximum temperature 
(Items 101, 102, and 103) : 


Die Oo 
y == 0.9888 
T”. = 4610 deg. F. abs. 
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That is, at the maximum temperature of the explosion, 4610 deg. 


TF’, abs., 92.88 per cent. of the CO is burned to CO., and 98.88 per { 


cent of the H, is burned to H.O. 
Calculating the pressure at the equilibrium point 


MFC 7.4916 4610 
P’, = P, ea. D 
Dee kt 7.783 1400 
= 240.6 lb. per sq. in. abs. (Item 105), 
where M” = mols of gas at equilibrium (Item 104) 


M, = mols of gas in the initial charge (Item 20) 


16. Calculation of Adiabatic Expansion Curve.—The ealeula- 
tion of the final temperature 7, at the end of adiabatic expansion 
from maximum temperature calculated in Section 15 is based on 
the assumption, that combustion is complete at the end of expansion, 
i.e, 2 = y = 1.0000 at 7,. For an adiabatic expansion the change 
of entropy is zero. : : 

The method of calculation consists, therefore, of computing the 
entropy of the mixture at the equilibrium temperature 7, — 4610 
deg. F. abs., and comparing this value with the entropy of the mixture 
(assuming « = y — 1.0000) at the expanded volume and at several 
assumed final temperatures. As the entropy remains constant, the 
final temperature can be determined by interpolation. 

The assumption that « — y = 1.0000 at the end of expansion is 
justified by separate calculations which have been made, giving the 
values of 7, 2, and y at various points down the expansion curve. 
In all these calculations combustion was found to be complete at 
50 per cent of the expansion stroke. 


From the first law of thermodynamics 
Og. = 0. Apdo. Pe 2 oe 


as before, where the work pdv is expressed in ft. lb., and A is the 
reciprocal of the conversion factor J = 778 ft. lb. per B.t.u. and also 


du—ydTR 2) 2 ee ee 


where y, is the instantaneous specific heat at constant volume of one 
mol of gas. This specific heat varies with the temperature according 
to the equation 


Yo S200 -ebT He FT ae ee 
From the perfect gas law, for one mol of gas 


Apv = KT 


Py Le 


See CU 


: 
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Differentiating 


Apdv + Audp=RAT. . . . . .(18) 
or 
Apdv = RdT — Avdp 
— rar — rr? ee 


Substituting (11), (12), and (14) in (10), and dividing by 7 


-|* te 


be fF Jer-r2 (15) 


Integrating 
S=S8S,+ (a+ R) loge T + 02 +L. 7° — R loge p (16) 
where S, is the constant of integration. 
As in Section 10, let 


aloge T-+OP +L T= 4 


Then the entropy of one mol of any gas is 
S=8,+¢+8 lo. T—Riogp. . .(17) 
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The analysis of the gas mixture in the engine cylinder in the 


equilibrium state is 


Constituent Mols 
COM as a ee ste se a Ae 
CO es 8 Ah) 
H,O ae a ue eta. rie pee be, 
er eee es eG. LL 1>y) 
9, 
As by aha Lee el fee It eee ee oes Para aediks 
N; Pe Cee ava ea 
K L 
OLA Lune hoe. iso ee I a ee Y 


Multiplying equation (17) by the number of mols of each con- 
stituent existing at the equilibrium state gives the entropy of each 
constituent at the equilibrium state; adding these entropies, the en- 


tropy of the equilibrium mixture is 


. + Ly Ca ae ro os R loge T) — Ly R loge Ba uke 
$+ LA —y [Song + be + BlogeT] 

L(i—yP 

oe 

” (Soor + 02 + RB loge T) — e’’ R loge ——— 


— L(1— y) R loge 


M’”” 


re 
M” . ; 
: .} where P is the total pressure. The pressure used for each constituent — 
is, of course, the partial pressure of that constituent, expressed in | 
terms of the total pressure. ‘ 
Rearranging, 


} : Sree pie [ (Soo zie ¥ Soo, ee =e (dco =f z Poo = Pooz)] 
_ — Ly [Sore ne ry} S09, Sameo) + (dus ce 3 $02 — $uz0) | 
’ eI So. eat LSo5, + €0 Soo, = TSos, + K¢,, + Lou 


ne T(Spes xi ox, + R log: T) — TR log. 


+ ey go. +1 dye 13 
+ MR loge T + M’R log. M” — M” B log. P 
—R [Kx loge Kx + K (1— ax)loge K (1— x) + Ly log, Ly 


+.L(1 — y) loge L(1 — y) + e” log, e” + r log, r] 


From the perfect gas law 


1544 M” 
ee 4 MT 
V 
in which 1544 is the universal gas constant Rk = 1,985, expressed 


in ft. lb. per degree F. 
Then, taking natural logarithms and multiplying by ae 


M”R log. P = M”R log, M” + MR log, T + 
M’R (oe. 1544-2 loge Vs ii eee la cree nn A) 


- o 
p= (Sox, i 20 = Soyo) + (¢x, + 360, — $x, 0) 


‘ iy ’ : : i ; ; 
= (Soo + $ Soy — Stog,) + (boo + 4 40, — #c0,) (21) 


Do? 


Since the mean specific heats of CO, O,, and N, have the’ same 


numerical value,* the expressions for these three gases are grouped 


together with the subscript D (diatomic). With the substitution of 
(20) and (21) in equation (19), the expression for the entropy 


becomes 


S —— Kea — LyB + (K + & + 1) on + Lou, 
— 4.571 M” (log 1544 — log V) 
— 4.571 [Kx log Kx + K (1 — 2) log K (1— 2x) 
' + Ly log Ly + L (1—y) logL (1— 9) (22) 


a 


| 
K L K L 
Ao teo=-g © = ¥) bee (ea 9) | 


ate [KS8o., = ISoy = Coo, + tie. = 45117 log r| j 


in which logarithms are taken with the base 10.t The units of pressure, 
temperature, and volume are: 


P = pressure, lb. per sq. ft. abs. 
T = temperature, deg. F. abs. 
_V = volume in cubic feet 


The last term of equation (22) is constant for all temperatures, and 
is therefore neglected since the change of entropy alone is considered. 

The value of S, the entropy of the gaseous mixture at equilibrium, 
at the maximum temperature of 4610 deg. F. abs. is calculated in 
Items 109 to 115. The value of S is found to be 327.9488. After 
taking V — V,, the volume at the end of the adiabatic expansion, 
values of 7, are assumed, namely, 3100, 3200, and 3300 deg. F. abs. 
The entropy of the mixture is calculated for each of these temper- 
atures, assuming « = y = 1.0000, Le., that combustion is complete. 
By interpolation between the values of S for 3200 and 3300 degrees, 
using the value computed, S = 327.9488, the temperature 7’, is found 
to be 3209 deg. F. abs. (Item 118). 


From the perfect gas law 
P, = 33.34 lb. per sq. in. abs. (Item 120) 


* Eng. Exp. Sta. Bul. No. 139. 


+ The factor 4,571 is the product of the conyersion factor of log .« to 10g? or 
2.30259, and R, which is 1.985. 


bara, oe is given by | 
iW, = Un, — Up, 

where ae =i oy 

W, = the work done during the ideal adiabatic Otto cycle ¥ 

Up, = the total energy of the products of combustion at the end of the 

expansion stroke vy, = oy 

U,, = the total energy of the gases at the beginning of the compression | 


= <atee stroke ‘ ~~ 


Let U, = the total energy of the products of combustion at the | 


initial temperature T, ( = Tio). 4 


Adding and subtracting Up, 


Py iW. = On, me Up, — (ie. 7-4 U,,) 
Substituting H,,, for (Um,—Up,) the expression for work becomes 
1W, = Hop, —(Upn,— Up). . . . > (28) 


For incomplete combustion this expression becomes 
iW,= Hyp, — a y Ae cog, =U 9) Heyy = (Up, saa U>,) (24) 
1 
where 


Up, a KxUcoe + Lytlus0 + L(A — Y) Unt 


3 3 
+- Ns a ae gear w i) 


2 
In these equations 
z, == degree of completion of CO reaction at end of expansion. 
Y¥, = degree of completion of H, reaction at end of expansion, 
H a heat of combustion of the mixture at temperature 7’.., at the beginning 


2 of compression. 


The basis of computing efficiency is taken as the heat of complete 
combustion of the fuel at 520 deg. F. abs. Therefore, the efficiency of 
the adiabatic cycle is 


i hes See OO on Wg tt ee (Up, — Up) 
n = = 
LY Av a t 
For those cases in which complete combustion is attained at the 


end of the expansion this expression reduces to. 


(26) 


H 520 


Since Hoy , Un, and OU, are all functions of temperature alone, it is 


Ee eye) 


evident that the efficiency is directly dependent on the initial and - 
final temperatures. 

18. Calculation of Ideal Efficiency for Test No. 22.—The temper- 
ature at the beginning of the compression stroke for the ideal cycle 
Is 779 deg. F. abs. (Section 12 and Item 71). ‘The heat of combus- 
tion at 779 deg. F. abs. is 182 247 B.t.u. per mol (Item 40). The 
thermal energy of the products of combustion is calculated as before, 
at the two temperatures 7, = 779 deg. F. abs. and 7, = 3209 deg. 
F. abs. At T,, U, = 31200 B.t.u. per mol, and at 7,, Up = 146 426 
B.t.u. per mol (Item 83b). 

The heat of combustion at 520 deg. F. abs. is 182 343 B.t.u. per 


mol (Item 3). 


iW, = 182247 — (146 426 — 31200) = 67 021 B.tu. 


67 021 
i 
: 182 343 


19. Efficiency of Ideal Cycle Assuming Complete Combustion.— 
The ideal thermal efficiency can be computed assuming that the fuel 
is completely burned at constant volume, ie., x = y = 1 at the end 
of the constant volume explosion. The temperature attained in the 
case of complete combustion was 4722 deg. F. abs. (Item 75) and the 
corresponding temperature at the end of adiabatic expansion was 
3199 deg. F. abs. (Item 81). 

Computing the ideal thermal efficiency according to Section 18 


(Item 83b), the work of the cycle is 
182 247 — (145 874 — 31200) = 67 573 B.t.u. 


< 100 = 36.76 per cent (Item 87b) 


The ideal thermal efficiency is then 


67 573 
ists 

20. Effect of Dissociation on Efficiency —The calculated ideal 
efficiencies for Test No. 22 are 


n (with dissociation ) = 36.76 per cent 
n/(without dissociation) = 37.06 per cent 


n x 100 = 37.06 per cent (Item 86). 


Difference. . . = 0.30 per cent 


The values of « and y at maximum temperature are 


x = 0.9288 
y = 0.9888 


In this particular case the effect of dissociation is practically negligible 


because of the high percentage of excess air and neutral exhaust gas _ 


in the charge. ’ 
The ideal indicator diagram as calculated and the actual diagram 
are shown in Fig. 3. 


III. THERMODYNAMICS oF AcTUAL CYCLE 


21. Indicated Thermal Efficiency.—The losses due to restriction 
of gas flow by the valves are eliminated by calculating the therma: 
efficiency, using the area under the combustion and expansion line 
minus the area under the compression line as representing the work 
done. The effect of the early opening of the exhaust: valve is eliminated 
by extending the expansion line to the end of the stroke. Also, the 
calculated adiabatic compression curve is used in the actual case 
for the range 70 to 100 per cent of the stroke in order to eliminate 
the effect of the low suction pressure. The calculated curve prac- 
tically coincides with the actual curve in this range. 

The scales used in plotting the original indicator diagrams from 
the test data are: 


Ordinates, 1 inch — 20 lb. per sq. in. 
Abscissas, 1 inch = 10 per cent of piston stroke. 


The volume of the charge of 7.783 mols in the cylinder at the end 
of compression is 


MRT, 1544 X 7.783 < 862 
Pees 75.91 X 144 


The work represented by one square inch of indicator diagram area 
is then 


Yo= = 1539.1 eu. ft. 


20 < 144 0,10 X 4 1539.1 
1 sq.in. ESO —* x 2979.5 Ban 


As the compression ratio in Test No. 22 is 5.00, the volume increase 
for 1 inch as abscissa on the indicator diagram is 0.10 & 4 & 1539.1 
eu. ft. 


The area between the expansion and compression line, as 
described above, is 21.92 sq. in., for Test No. 22. The indicated 
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thermal efficiency of compression, explosion, and expansion is then ; 
21.92 x 2279.5 : 
oe 182 343 
‘The indicated thermal efficiency as computed from the total net 
area of the indicator card is 
17.5383 & 2279.5 
ie 182 343 


There is a loss of 5.48 per cent, therefore, due to throttling in the 
valves and to running at partial load. 


x 100 = 27.40 per cent 


xX 100 = 21.92 per cent 


22. Factors Affecting Indicated Thermal Efficiency—Hliminat- 


ing the effect of valve restriction, the actual efficiency is only 27.40 
per cent while the ideal efficiency for the same case is 36.76 per cent. 
The difference, 9.36 per cent, results from two causes, (1) slow 
burning and (2) heat loss. 


23. Method of Determining Time of Reaction and Heat Loss.— 
The heat loss as measured by the increase in temperature of the 
jacket water represents the total losses, minus the radiation from 
the jacket, for all phases of the cycle. A large amount of heat is 
transmitted to the jacket water during the exhaust stroke, and after- 
wards to the water-jacketed portions of the exhaust pipe. The 
inclusion of these indeterminate quantities of heat in the heat loss 
as shown by the rise in temperature of the jacket water render it 
difficult to draw any valid conclusions from heat losses calculated 
from jacket water. 

From data obtained from the indicator diagram, the weight of 
charge, and the initial temperature of the charge within the cylinder, 
it is possible to compute the approximate heat loss during the various 
phases of the cycle, and also to estimate the time required for combus- 
tion. 


24. Heat Loss during Compression—As shown in Fig. 3 the 
compression process from 100 per cent (the start of compression) 
up to 70 per cent piston stroke may be considered as adiabatic with- 
out appreciable error. Since ignition occurs in some of the tests as 
early as 15 per cent of the stroke from dead center, heat losses past 
this point cannot be caleulated from the actual compression curve. 
The heat loss during compression is therefore defined as the heat 
loss during the compression from 70 per cent to 15 per cent of the 
stroke. 

From the first law of thermodynamics the heat loss during com: 
pression, with no chemical reaction occurring, is 


V 
P45 za l.X— xX = 862 XK —— X 


‘ we - 
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<- as iy. ' 3 
’ - _Heat loss = work done — increase in thermal energy. 


i In a given case the work done is obtained by determining the area 
under the compression curve for the range 70 per cent to 15 per 
cent by means of a planimeter. The increase: in thermal energy is 
obtained by making use of the temperatures calculated by applying 
the perfect gas law to the pressure, volume, and weight of charge 
existing for the given state. ; 


For Test No. 22: 
Area under compression curve, 70 per cent to 15 per cent 
stroke = 5.555 sq. in. (Item 45) 

Work of compression = 5.555 X 2279.5 = 12 663 B.t.u. (Item 46) 
Temperature at 70 per cent stroke — 862 deg. F. abs. (Item 24) 
Pressure at 15 per cent stroke = 34.7 lb. per sq. in. (Item 26) 
Temperature at 15 per cent stroke — 

Fas 384.7 1+0.15 x4 


——= —————— == 1124 der. I. abs, 
jg ha 12.3 “°1+0.70 x4 ries 97) 


The increase of thermal energy of the charge between 862 and 
1024 deg. F. abs. is computed in Items 42, 43, and 47, and is found 
to be 6760 B.t.u. The heat loss between 70 per cent and 15 per 
cent compression stroke is then 


12 663 — 6760 = 5903 B.t.u. (Item 48) 


or, expressing the loss as a percentage of the heat of combustion of 
the charge at 520 deg. F. abs., it is 


5903 
182 343 


The heat loss during compression as computed above is added 


< 100 = 3.24 per cent (Item 48) 


to the loss during explosion and expansion as determined later. 


25. Heat Loss and Reaction Velocity during Combustion and 
Expansion.—In the actual combustion in the engine the velocity of 
the reaction is slow during the period immediately following ignition. 
As the flame spreads the velocity of reaction increases, and rapid 
combustion proceeds until the reaction is nearly complete. The remain- 
ing parts of the charge burn with a fairly low velocity. 

Assuming that it is possible to calculate the extent of combustion 
at any given point on the eyele, the heat loss from the time of 
ignition can be calculated from the equation 
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Heat loss — heat of partial combustion — work done —in- 
crease of thermal energy; or 
We 2H = WH CU. ee ee 


At present there is not sufficient information available to permit 
the exact calculation of the extent of combustion at a given time 
after ignition; however, an approximate estimate can be made at a 
given point in the cycle. 

Let 
AU, = increase of thermal energy of products of combustion 


H, — total heat of combustion at the initial state (15 per 
gent on compression stroke) 


H. = total heat loss from time of ignition to any given point 
in the cycle 


z — fraction of H, evolved by the reaction up to the given 
point in the cycle. . : 


Adding (1 — z) H, to each side of the preceding equation 
H+ (—2f—H—W—AU,. . . (29) 


The work done from the point of ignition to any given point 
in the cycle can be determined from the indicator diagram. By 
assuming complete combustion the temperature at any point on 
the indicator diagram can be calculated from the pressure, volume, 
and weight of charge. For the points on the early part of the com- 
bustion curve the calculated temperature may be as much as 4.5 per 
cent too high, because of the assumed reduction in the number of 
mols which has not yet occurred. For the points near the end of 
the combustion curve the error in the calculated temperature is 

negligible. 

For Test No. 22 the heat loss from 15 per ert on compression 
to 30 per cent on the expansion curve plus the unused part of the 
heat of combustion is calculated as follows: 

The work area of the form shown in Fig. 4 is 13.781 sq. in., and 
represents 31414 B.tu (see p. 34). From the indicator diaeruie 


the pressure at 30 per cent on the expansion pinglte is 76.0 lb. per 
sq. in. abs. The volume is 


Clearance + 30 per cent piston displacement 
= 0.1017 + 0.30 x 0.4068 — 0.2237 en. ft. 


: Assuming complete combustion, the number of mols of gas is 
7.457 (Item 87). The actual number of mols of gas present before 
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Fressure 17 1b. per sq. lr ah, 


Fer Cert of Fistor Stroke 
Fic. 4. AREA ON INDICATOR DIAGRAM FROM 15 PER CENT ON ComM- 
PRESSION STROKE TO 2 PER CENT ON EXPANSION STROKE 


ignition was 0.00051416 (Item 16). Then the temperature is 


PV ‘(76.0 X 144 X 0.2237 X 17.783 
MR 0.000 514.16 x 1544 x 7.457 


= 3219 deg. F. abs. 


The increase in thermal energy is calculated as before in Items 58 
and 59, and is 146978 — 41450 = 105528 B.t.u. Taking the heat 
of combustion for conditions at 15 per cent compression stroke, 
H,— 182175 (Item 38a) and subtracting the change of energy and 
the work done 


Pieta (le 2) 


T 35 = 


tle ae WwW ae EX Up 
182 175 — 31 414 — 105 528 
45 233 B.t.u. 


Or, expressing [H + (1 — z)H,] in per cent of heat of combustion 
at 520 deg. F. abs., it is 
_ 45 233 

182 343 


I i | 


< 100 = 24.76 per cent 


oe 


it 
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Similarly, values of [H ++ (1 — z) Hy] are calculated for other 


points on the expansion curve. (See Items 48 and 51 to 62.) an 


When the calculated values of [H + (1—z) Ho] are plotted 
against the per cent of stroke, an analysis of the curves gives infor-— 
mation regarding the extent of combustion and the rate of heat loss 
during the explosion and expansion processes. — : Ni 


IV. Description or TesTING PLANT 


26. General Arrangement of Testing Plant—The gas engine 
and testing apparatus, shown in Fig. 5, consisted of 
(a) the engine 
(b) the dynamometer 
(c) the gas storage and measuring tanks 
(d) the air measuring orifice and other instruments 


\ 


seh 


A view of the engine cylinder with the indicator A, the indic- _ 


ator timer B, and the ignition timer C, is shown in Fig. 6. A 
diagram of piping connections is shown in Fig. 7. 

27. Description of Engine.—The engine used for the tests was 
a 9 in. x 10 in. single acting, single cylinder horizontal engine. It 
was designed to run on gas or gasoline, but for the tests described 
in the bulletin the gasoline attachments were removed. The principal 
dimensions of the engine are as follows: 


Bore’ os Tee en oS OF (Oe 

Stroke 020 0 a a RE Ore 

Pistom displacement’. ~:) 0.) =). ny queen Od GC mcretes 
Length of pistom—., % 27> 22) 2. ee See leer 

Valve: liftig.  \. =" 2: “le ee Y% in. 
Length of connecting rod. . 20 in, 
Diameter. of “piston rod) > 92) mr 

Mean diameter of valve seats . 3 Sn, 
Lubrication drip cups 


Coohng—circulating water through jacket and cylinder Mead: 
Sectional views of the engine cylinder are shown in Fig. 8. 

The valves were of the poppet type, and were operated by a 
single cam on a lay shaft geared to run at half engine speed. 

The clearance volume was changed by screwing the piston rod 
into the crosshead. A determination of the actual clearance volume 
was made at one compression ratio by filling the cylinder with a 
weighed amount of oil of known specifie gravity. The clearance 
volume for any given setting of the rod could be ealeulated from the 
initial volume, the pitch of the threads, and number of turns of the 


rod. These calculated. compression ratios were also checked by 
actual measurement with oil. 
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Fic. 5. ENGINE AND AUXILIARY APPARATUS 


Fic. 6. ENGINE CYLINDER AND INDICATOR 
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SECTIONAL VIEWS OF ENGINE CYLINDER 


Fig. 8. 
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28. Gas and Air Valve-—A considerable amount of trouble 
was experienced during the early tests on account of backfiring 
through the intake valve, particularly when running with lean mix- 
tures. To eliminate this trouble a special gas and air intake valve 
was constructed and installed in place of the original intake valve. 
The details of this valve are shown in Fig. 8. It operated so that the 
air valve opened earlier and closed later than the gas valve. The 
stream of air admitted before and after the admission of the gas 
swept the passages out and obviated any chance of backfiring. No 
trouble from backfiring or pre-ignition was experienced after the 
installation of this valve. 

29. Ignition—After some difficulty with various ignition — 
systems which would not function consistently over the wide range — 
of fuel mixtures employed, a high tension spark system was finally 
adopted. A standard $-in. spark plug, screwed into the cylinder 
as shown in Fig. 8, was connected with the high tension coil. The — 
timer was driven from the half-speed shaft, and could be adjusted 
to vary the time of ignition from 65 degrees before to 15 degrees 
after dead center. 

30. Dynamometer.—The engine was belted to a 10-25 horse- 
power electric absorption dynamometer. After warming up, it was 
loaded to approximately 10 horsepower by means of the dynamometer. 
This load was maintained as nearly constant as possible during the 
test. Since the engine speed did not vary more than 2 per cent above 
or below the desired speed during any one test, it is evident that 
the load remained practically constant. 

No attempt was made to determine the efficiency of the driving 
belt or of the dynamometer, since the computations were based on the 
indicator diagram rather than the power output of the engine. 

31. Gas Measurement—tThe ecity gas used as a fuel for the tests 
was taken directly from the mains and stored in two large gasometers 
having a capacity of approximately 160 ecu. ft. each. They were 
provided with scales graduated accurately to inches, so that the posi- 
tion of the gasometer bell and consequently the volume of gas could 
be determined at any time. Since the water in the gasometers was 
at room temperature as were also the gasometers themselves, this 
method insured a supply of gas at constant temperature. 

32. Method of Determining Gas Consumption.—Previous to run- 
ning a test the gasometers were filled from the mains, and then cut 
off from the gas supply. The engine was warmed up by running 
on gas from the mains. Valve 3 (Fig. 7) was then closed, and 
valve 4 from gasometer 1 was opened simultaneously, the engine 
then drawing its fuel from gasometer 1. After obtaining the desired 


is i 


fe 


ga Bomeker 2, and. the nol was started. 
The time at which the scale index on gasometer 2 passed a given 


seale graduation was noted. After taking the indicator card and 


all other required data for one complete test, the time of passing 
another convenient scale graduation was mcten. The pressure and 
temperature of the gas in the gasometer were read at intervals during 
the test. These data gave the volume of gas consumed by the engine 
in a given length of time. In most cases a total volume of about 
140 cu. ft. of gas was used during the period over which data were 
taken.* 

33. Method of Calculation of Gas Consumption in Standard 
Cubic Feet—tThe cubic foot of standard gas is defined as the cubic 
foot at 60 deg. F. and pressure corresponding to 29.92 in. of mer. 
eury. The calibration constants of the gasometer and the correc- 
tions to be applied to reduce the consumption of gas to standard 


conditions, are as follows: 


A consideration of the pressures and volumes of water and gas 
shows that the water level outside the gasometer bell remains constant 
for all positions of the bell. There is a slight elevation of the water 
level inside the bell due to the water displaced by the metal walls. 
This elevation amounted to 0.5 in. for a 60-inch drop of the bell. 
Consequently, a correction proportional to the actual drop of the 
bell was applied. 

The pressures inside the bell also varied somewhat, due to the 
decreased effective weight of the bell when sinking into the water. 
A correction for this variation is applied to the total atmospheric 
pressure. The mean excess of pressure inside the bell over atmospheric 
pressure was 0.35 in. of mercury, and, of course, was constant for 
all tests. 


We have then 
V,—V,.= A(H, — H, + Ah) 


where 

V, = initial volume in cu. ft. 

V, = final volume in cu. ft. 

A = net area of gasometer bell in sq. ft. 

a initial height of bell in ft. 

H = final height of bell in ft. 

H,-H, 

Ah = correction for change of water level inside bell = 0.5 * 


* All valves and piping in the gas line were tested for leaks. No leakage was found 
over a period of several hours. 
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The volume of gas used at 29.92 inches barometric pressure and 
60 deg. F'. is given by 
DoF Vi PY 
Vases Vane een Paes aaa 


where the subscripts s denote volumes, pressures, and temperatures 
under the standard conditions of 29.92 in. barometric pressure and 
60 deg. F. P, and P, are almost equal, and hence the mean of the 
two* is used. Then 
Ts P,—P, 
Vs = — — (HH, — H,— Ah) A 
No eg all AN) 

34. Calculations for Gas Consumption on Test No. 22—We 

have the following data: 


Drop: of -gasometer™ bell”. =) 5 = 2 =) eo SU, atte 
Tinie eh ly oss Bs. oe ag ee re ae eg et We nS oD ep nS 
Baromietrie ‘pressure 2 = 4) se eg Seme So Olu 
Temperature (mean) ‘ . 89.30 deg. F. 


Mean of pressures . . . 29.30 + 0.35 . 29.65 in. 

459.6 +60 29.65 
459.6 + 89.3 29.92 
==) 129.2:cu. ft. 


(58 — 0.5) 


8 


The gas consumed per minute was then 


129.2 
30.57 


measured at 29.92 in. barometric pressure and 60 deg. F. 

An examination of the precision of the various measurements 
made showed that the determination of the gas consumption is 
accurate to within one per cent. 

35. Ai Measuring Orifice—Air was supplied to the engine 
intake from a main which carried air at 60 lb. pressure. 

A thin plate orifice, inserted between pipe flanges (Fig. 7) 
was used to measure the air consumption. The orifice was made of 
16-gage sheet steel. The flow of air to the engine was controlled 
by a valve. In order to damp out the oscillations of the air passing 
through the orifice a small gasometer was connected between the orifice 
and the engine intake, a throttle valve being placed in the line (Fig. 7). 
The gasometer bell was weighted to give the desired pressure at 
the intake valve, and was kept floating by the proper admission of 


= 4,227 eu. ft. 


* A calculation of the error introduced by using the mean of the initial and final 
pressures showed that for a very extreme case the error amounted to less than 0.1 per cent. 
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compressed air from the main. By adjustment of the throttle valve 
and the weight on the gasometer bell, practically no fluctuation of 
pressure was noticeable at the orifice. 

A Wahlen gage (Illinois micromanometer)* was used to measure 
the -pressure differential across the orifice. A mercury manometer 
connected as in Fig. 7 showed the statie pressure in the pipe line 
at the orifice. The air temperature was read by means of a thermo- 
meter. 

36. Calibration of Orifice—The orifice was calibrated in place 
by air weighed from the ‘‘Air Weighing Plant.’’t The calibration 
process consisted of weighing 150 lb. of air drawn from a large tank 
on scales, and delivering it to the orifice through a pipe linet A 
calibration curve for the orifice is given in Fig. 9. 
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Fig. 9. ORIFICE CALIBRATION CURVE AND DETAILS OF ORIFICE 


37. Use of Orifice —At least five readings of pressure differential 
at the orifice were taken during each test. At the same time the static 


* “Investigation of Warm Air Furnaces and Heating Systems,’’ Univ. of Ill. Eng. Exp. 
Sta. Bul. 120, 1921, pp. 88-103. 

+ “Investigation of Warm Air Furnaces and Heating Systems,’ Univ. of Ill. Eng. Exp. 
Sta, Bul. 120, pp. 81-88. 

¢ All the air piping for calibration purposes was carefully tested and found to be free 
from leaks. 
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pressure and temperature of the air were observed. Since the engine | 
was operated under constant conditions, the rate of flow of air through ~ 
the orifice and consequently the pressure differential also remained — 


constant, seldom varying more than 0.3 per cent from the mean of 
the five readings. The relative humidity of the air supplied to the 


engine from the main was determined by means of an Assman aspirat- 


ing psychrometer immediately after the close of each test. 

38. Calculation of Air Consumption in Standard Cubic Feet.— 
The air consumption was based on the cubic foot of air at 60 deg. F. 
and pressure corresponding to 29.92 in. of mercury. 

The following data were taken for the determination of the air 
consumption in Test No. 22: 


Differential pressure at orifice . . . . . 0.105 in. water 
Airstemperature! (mean) {9.9 es 4 = 2) O-D0N des thy 

Barometric) pressure, 9°59 = ge ed oud. 

Statie; pressure. 65 4 9s no) ae pon) e leon Lies 
Humidity". . 2°. 7°. So» « « % “388 per eent et so deg aems 


From the calibration curve for the orifice (Fig. 9) it is found 
that a pressure differential of 0.105 inches is equivalent to a flow of 
1.730 lb. of air per minute, at 70 deg. F. and 29.92 in. pressure. The 
actual weight of air flowing then is 


1.730 x V 2930+148 459.6 + 70.0 
99.92 459.6 + 96.5 


This computation gives the flow of moist air (33 per cent relative 
humidity at 89 deg. F.) in pounds per minute. 
The weight of saturated water vapor per pound of dry air at 
89 deg. F. is 0.03008 lb.* The actual weight of water vapor per 
pound of dry air is then 0.33 « 0.3008 = 0.00993 lb. The weight of 
water vapor required to saturate 1 pound of dry air at 60 deg. F. 
(the standard temperature) is 0.01105 lb.{ The volume of 1 pound 
of dry air plus the water to saturate it at 60 deg. F. is 13.33 eu. ft., 
while the volume of 1 pound of dry air alone at 60 deg. F. is 13.10 
cu. ft. The volume occupied by the water vapor is then 13.33 — 13.10 
or 0.23 cu. ft. for the saturated condition. The actual volume of 
water vapor is then 
0.00993 
0.01105 


= 1.712 lb. per minute 


< 0.28 — 0:21 eu. ft. 


The volume of the 1.011 lb. of mixture of air and water vapor is 
then 13.10 + 0.21 — 13.31 eu. ft. at 60 deg. F. and 29.92 in. pressure. 


*@. A. Goodenough, ‘Properties of Steam and Ammonia,’ 1917, p. 85. 
{ Ibid. 


2, 


SPE RY Thee 5 
, _ A THERMODYNAMIC ANALYSIS OF GAS ENGINE TESTS | 49 


The standard flow in eubie feet of mixture (air and water vapor) 
per minute is then 
13.31 < 1.712 
1.011 
at 60 deg. F. and 29.92 in. barometric pressure. 

The air-gas ratio for the test is computed from this value and 
the gas consumption (Section 34) and is expressed in volumes of 
air per volume of gas, both measured at 60 deg. F. and 29.92 in. 
barometric pressure. For Test No. 22 the ratio is 

22.561 
4.227 


= 22.561 cu. ft. per min. 


= 9.337 


39. Description of Indicator.—The indicator used for the tests 
was of the balanced diaphragm type.* Inasmuch as the accuracy 


_ of the results obtained from the tests depended largely upon the preci- 


sion, of the indicator and the accuracy of the indicator diagrams, 
the balanced diaphragm indicator was selected for use even though 
the engine speed was not high. The indicator was connected directly 
to the engine cylinder without any indicator cock intervening. 
Briefly, the operation of the indicator consists in balancing the 
pressure in the cylinder at any desired instant of the cycle by a 
known pressure applied from an outside high pressure: source. The 
equilibrium condition is determined by the cessation of ‘‘clicks’’ 
in a telephone receiver connected in series with the diaphragm and 
a contact placed very close to it. A coordinating device, or timer, is 
then adjusted to a new position in the cycle, and the balancing 
operation is repeated. Thus a number of separate observations of 
the pressures existing in the engine cylinder at different times in 
the cycle are made, and a diagram is plotted from the data thus 
obtained. It is evident that such a graph is an average diagram, 
showing the average area over a considerable period of time. Therefore 
the one diagram, the data for which were secured in about 30 minutes, 
was used as the average for the whole test. As measurements of 
the other quantities involved were made only during the time of 
taking the diagram and as the operating conditions of the engine 
were kept practically constant during this time, a diagram taken 
in the manner described represents actual average conditions with 
considerable accuracy. i 
40. Precision and Accuracy of Indicator—The balancing 
pressures were read by means of four gages covering different pressure 


* Manufactured by the American Instrument Company, Washington, D. e. For a 
complete description see Rept. No. 107, National Advisory Committee for Aeronautics, 1921. 
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ranges, namely: a mercury manometer reading from — 12 Ib. to 
-- 12 lb. per sq. in. gage; and three Bourdon gages reading from 
0 to 30 lb., from 15 to 200 lb., and from 100 to 1000 lb. per sq. in. 
gage, respectively. 

The indicator diaphragm was sensitive to 0.1 lb. per sq. in. 
pressure, and as the mercury manometer was graduated to 0.1 Ib. 
per sq. in., the determination of the low pressure parts of the cycle 
was made with corresponding accuracy. The Bourdon gages were 
eraduated to pounds,* and calibrated against a dead weight tester 
before and during the series of tests. From a theoretical analysis 
of the motion of the indicator diaphragm it was determined that the 
greatest possible error in the pressure readings due to inertia of the 
diaphragm was 0.7 lb. per sq. in. for an engine running under the 
given test conditions. This error occurred in the part of the cycle 
immediately after ignition, at the time when the pressure was rising 
almost instantly to the maximum. For other parts of the cycle the 
error was much less than 0.7 Ib. per sq. in., as the rate of pressure 
change was considerably less. Thus it is evident that the precision 
and accuracy of the indicator diaphragm is much greater than that 
of the gages on which the balancing pressures were read and that the 
indicator diagrams are correct to within 1 lb. per sq. in. at pressures 
above 380 lb. per sq. in. gage, and to 0.5 lb. per sq. in. at lower 
pressures. 

41. Method of Operation of Indicator—The high pressure air 
supply used for balancing the pressure in the cylinder was an air 
bottle containing air at a pressure of 800 lb. per sq. m. Control valves 
1 and 2 on the air line were one-eighth inch brass needle valves fitted 
with convenient handles. Valve 1 controlled the admission of air to 
the indicator system and valve 2 the exhaustion of air by means of 
an aspirator. 

Pressures were read for 59 different positions of the crank, as 
shown on the indicator log sheet. of Test No. 22 (Table 2). The points 
at which pressures were read were so distributed that they fell close 
together at points of the cycle where very rapid pressure changes 
oceurred. 

In taking a pressure reading the balancing pressure was increased 
by admitting air through valve 1 until the clicks in the telephone 
receiver ceased. The pressure was then built up slightly and imme- 
diately decreased by exhausting air through valve 2 until the series 
of clicks started again. The mean of the pressures required to stop 
and start the series of clicks was taken as the actual pressure in the 


* The 100-1000 lb. Bourdon gage was graduated to 10-pound intervals, but was not 
used, except for a very few readings, 
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éylinder. Since the engine did not run with absolute regularity the 


clicks would sometimes occur intermittently when the balancing pressure 
and cylinder pressure were nearly in equilibrium. This irregularity 
occurred only at the time of maximum aes and even then never 
covered a range of more than 4 lb. per sq. The mean of the 
pressures over which the clicks occurred Pe arionily was taken as 


- 
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the actual cylinder pressure. However, during the greater part of 


the cycle a change in the balancing pressure of 1 lb. per sq. in. 


sufficed to stop or start the series of clicks, and for the low pressure 
parts of the cycle a much smaller pressure change produced the same 
effect. 

The maximum pressure ‘of the whole card was determined by 
short circuiting: the indicator timer and balancing pressures as before. 


42. Method of Plotting Indicator Diagram.—The indicator cards 
were plotted on the basis of piston displacement, givmg a PV ecard. 
The piston displacements were determined graphically from the crank 
angles as read on the indicator timer, and were corrected for the 
angularity of the connecting rod. Corrections to the observed cylinder 
pressures were applied, as determined by the correction curves for 
the Bourdon gages. 


Figure 3 shows the indicator diagram for Test No. 22, plotted 
from the data given on the log sheet (Table 2) after adding the baro- 
metric pressure, 14.4 lb. per sq. in. abs., and subtracting the ‘‘zero 
eorrection.’’ The zero correction is the pressure required below the 
diaphragm to deflect the indicator diaphragm to touch the contact 
and give a click in the telephone receiver, with atmospheric pressure 
on the upper side of the diaphragm. It was never more than 0.5 lb. 
per sq. in. and was determined by setting the engine with the exhaust 
valve open and exhausting the space above the diaphragm until a 
click was heard in the receivers. The pressure difference above and 
below the diaphragm is the zero correction. It was determined 
before and after each test. 

A low pressure indicator diagram (Fig. 1) was plotted in the 
same manner as the high pressure diagram, using a larger scale for 
pressures. From this card the data were taken for calculating the 
weight and analysis of the charge taken into the cylinder. 


43. Exhaust Gas Thermocouple—tIn order to determine the 
temperature of the exhaust gas left in the cylinder after the comple- 
tion of the exhaust stroke, a thermocouple 7 (Fig. 8) was inserted in 
the exhaust valve cage. 


This couple was constructed of No. 26 platinum—platinum- 
rhodium wire. The wires were welded in the oxy-gas flame and then 
flattened between two smooth steel plates to a thickness of about 
0.0024 in. They were then filed down to a thickness of about 
0.0015 in. and trimmed until the dimensions of a cross-section of 
the wire were approximately 0.008 « 0.0015 in. These dimensions 
were maintained for a distance of 4 in. from the junction of the 
couple. 
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The couple was inserted through a two-hole porcelain tube into 


the exhaust valve cage, so that the couple junction was located 14 in. 
below the edge of the valve seat, and directly in the path of the 


exhaust gases. 

The couple leads were soldered to copper wires, the soldered joints. 
being used as cold junctions. These junctions were placed in a thermos 
flask and maintained at the temperature of melting ice. The couple 
was connected through a contact on the indicator timer to a Leeds 
and Northrup precision potentiometer. 

The couple was calibrated in an electric furnace against a couple 
which had been standardized by the Bureau of Standards. 

44. Method of Using Exhaust Gas Thermocouple—The contact 
on the indicator timer for the thermocouple cireuit was adjusted 
so that the couple circuit remained closed for a period of 20 
degrees of crank angle, from 10 degrees before to 10 degrees after 
the dead center position at the end of the exhaust stroke. 

A galvanometer having a period of 4$ seconds was used with 
the potentiometer, and it was found that a balance could be obtained 
very readily with the circuit closed intermittently by the contact.* 

It is, of course, evident that a couple of the dimensions given 
could not follow accurately all the variations of temperature caused 
by the exhaust gas. However, a temperature traverse of the whole 
eyele was undertaken, the results of which showed that for the latter 
part of the exhaust stroke the temperature was very nearly constant. 
Since the temperature desired was the temperature of the gases 
remaining in the clearance space at the end of the exhaust stroke, it 
is very probable that the thermocouple gave comparatively accurate 
results since the temperature remained constant for a large part 
of the cycle before the reading was actually taken. Moreover, an 
error in the exhaust temperature has little effect on the calculation 
of the weight of charge taken into the engine. Therefore the indica- 
tions of the thermocouple may be regarded as correct within the 
limits of error of the other measurements. 

45. Fuel Gas Analysis—Inasmuch as the gas used for these 
tests was a complex mixture, a careful analysis of the gas for each 
test was essential. Analyses were made in a modified Orsat appar- 
atus.t The carbon dioxide of the gas was absorbed by a solution 


* A preliminary experiment was made by measuring a known temperature with a 
constantly closed circuit and an intermittently closed circuit. It was nee aad the 
indicati : ithin the limits of error allowed. he frequency 

rature indications were the same, W1 j 
Fe intermittent closing of the couple circuit was made commensurate with the speed of 


gp i in Products of Coal Carbonization,”’ 
Md iti Processes Applicable to Certain Produc 
: Sane ale Chem. and Met. Eng., Vol. 27, pp. 737 to 744, 1922. 


le: ith S. W. Parr. P 
one a rine Analysis of Fuel, Gas, Water, and Lubricants,” 3rd. Ed., 1922. 
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of potassium hydroxide, the oxygen by potassium pyrogallate, the 


acetylene by ammoniacal silver chloride, the ethylene by bromine © 


water, the aromatics by 20 per cent fuming sulphuric acid, the hydro- 
gen and carbon monoxide were determined by combustion with copper 
oxide, the ethane and methane by slow combustion in pure oxygen, 
and the nitrogen was estimated by difference. 

Samples of fuel gas were taken from the gasometer immediately 
following each test. All samples were taken over water in aspirator 
bottles. Analyses were made immediately after each test. 

The results of the gas analysis for each test were based on at least 
two complete analyses. The percentage of the various constituents 
of the gas did not vary more than 0.5 per cent between the two 
analyses. 

46. Miscellaneous Measuring Apparatus—The ordinary mer- 
cury-in-glass laboratory thermometers were used for determining the 
water, gas, and air temperatures. The thermometers were calibrated 
against standard certified thermometers, and the corresponding correc- 
tions were applied to the readings. ; 

The cooling water supplied to the engine was weighed in a large 
steel tank on platform scales. The scales were checked against 
standard weights throughout the range over which they were used 
and found to be correct and accurate. 

A revolution counter applied to the engine shaft and dynamometer 
shaft was used for determining speeds. 

A spring balance reading to 50 lb. was connected to the dynamo- 
meter for the purpose of obtaining the brake load. The scale was 
calibrated by dead weights, and corrections thus determined were 
applied to the readings. 


In order to determine the position of the crank corresponding — 


to ignition, the engine was turned over by hand until the timer made 
contact. The crank angle was then determined by measurement. 

47. Method of Conducting Test—In order to secure constant 
operating conditions for any given air-gas ratio a certain definite test 
procedure was followed for each test. 

The engine was first started on gas from the main and run for 
at least 30 minutes, or until the exit temperature of the circulating 
water could be maintained nearly constant at 160 deg. F. During 
this period the gas and air flow were adjusted to give approximately 
the desired air-gas ratio. 

At the end of the preliminary warming-up period the valve 
from the gas main was closed and the valve to gasometer 1 was opened 
simultaneously. The gas and air valves were then adjusted again to 
give the desired air-gas ratio. The time of ignition was set at various 


points of the cycle, and the speed of the engine was determined for 

each point. The ignition was finally set at the point at which the 

engine ran at its highest speed, other conditions being maintained 
constant meanwhile. The engine was run under these conditions until 
the fuel in gasometer 1 was exhausted, and then the fuel supply -was 

taken from gasometer 2. 

As soon as the engine began drawing its fuel from gasometer 2, 
_ the recording of test data was started. The circulating water was 
_ turned into the weighing tank, the scale reading on the gasometer, 
_ together with the time, was noted and the operation of taking the 
_ indicator ecard was begun. 

Observations of pressures, temperatures, speed, and other readings 
which remained practically constant were taken at 5-minute intervals. 
The recording of data for the indicator diagram occupied about 30 
minutes. At the conclusion of this operation the gasometer scale was 
again read, the time noted, and the final readings of circulating water 

weights were taken. The exhaust temperature was next determined 

_ by means of the thermocouple, and then the engine was shut down. 

Gas samples were taken immediately after the test from the 
remaining gas in gasometer 2. Humidity determinations of the air 
supplied were made by an Assman aspirating psychrometer hung 
directly above the tee in the top of the reservoir R (Fig. 7), from which 
the plug was removed. 

48. Sequence of Tests—A series of tests was run at a selected 
compression ratio, and then the compression ratio was changed and 
a new series was run. The test data are given in Table 3. 

At times two tests were run at close intervals in order to avoid 
repeating the preliminary ‘‘warming-up’’ period. In such cases 
certain data, such as the barometric pressure and humidity, were 
recorded but once for the two tests. Gas samples were taken for 
both tests, but where the results of the analyses were almost. identical, 
the average of the two analyses was used for the computation of the 
results. 

The tests for which hydrogen was used as a fuel were all run 
at a compression ratio of 4.43. For these tests the hydrogen was piped 
from the ordinary commercial steel tanks into the gasometers from 
which the engine drew the gas. 
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Pressure in Ib. per sq, in. 


Test 
No. 14) No. 16 No. 18 No. 19| No. 20) No. 21 


Test 


Test _ 


No. 45 
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. . on 
NNW OWDOHWROVNE PROOO 
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SSSSSHSHOO FPOMWWUHNUON NH WORE REO 


Test | Test | Test | Test 
119.0} 94.0] 84.0] 74.0 
79.0} 81.0] 63.0] 52.0 
75.0 | 68.0} 59.0] 49.0 
67.0 | 66.0] 54.0] 47.0 
63.0 | 61.0] 52.0] 44.6 
53.0 | 52.0} 44.9] 39.6 
46.0; 46.0] 39.9] 34.1 
41.6.) 41.9] 35.9] 30.6 
33.6 | 33.4 | 28.9] 24.6 
2776)" 28.0") 2329)" 20.7 
23.1 | 23.4) 20.4|] 16.8 
19°6))) 1001) 17 25 147 
17-0 | 17.3] 15.0] 13.2 
15-7} 16,9] 14.01) 11-6 
14.7) 14.7] 12.8] 10.6 
14.0] 14.1] 12.3] 9.8 
P3e zi) elocdele dle 2k). 10.0 
1273 12.14) 10-57) «8.4 
LU We DIS (9.7 d= 729 
11°70) 10.8!) 9.3. | 7.5 
10°5)}) 10:4) O44 7-4 
104) 10.0). 8:97 6.8 
1052 [9.8 8.6" — 6:6 
Oe WO 8B ot 
tL. dO. Oa a e201) secs 
12.0) 12:4) 10.9] 11.3 
See!) 18.35) 1207 | 12.2 
13.9] 14.1] 18.9] 13.4 
1472) 14.5 )9 14°51) 13.7 
14.6.) 15.2] 14.6] 14.2 
14.6) 15.2] 14.8] .14.3 
14.9] 15.5] 15.0] 14.7 
15-1 |) 15.6] 155°] 15-2 
15.1] 15.4] 15.5] 15.3 
14.6 | 14.7] 14.7] 14.6 
dSOr i ed Ae ASF 
14.4} 14.8] 14.3] 13.7 
16.2} 16.5] 15.9] 14.9 
19Riap 20-41) 18-64) 17.6 
26-1 | 25.9 | 24.4] 21.6 
30.6 | 29.4) 27.9 | 26.1 
32.6 | 32.9] 29.9] 28.6 
37.6 | 36.9 | 34.9} 32.1 
42.6 | 42.4) 39.9| 37.6 
48.0 | 47.0 | 44.9 | 42.6 
SLID cea! ea ni S820 
66.0} 66.0} 61.0) 58.0 
82.0 | 81.0 | 77.0| 72.0 
101.0 | 99.0| 95.0} 92.0 
| 
130.0 | 129.0 | 121.0 | 118 
137.0 | 137.0 | 128.0 | 128 
145.0 | 141.0 | 133.0 | 138 
151.0 | 148.0 | 139.0 | 147 
153-0), 1490) 139709) =... 
LS Ole acs Neer tare | 149.0 
bowed U2E COM ot O MN as 2 3 
155.0 | 114.0 | 104.0 | 129.0 
119.0 | 94.0] 82.0] 76.0 
159.0 | 149.0 | 139.0 | 149.0 
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en sie ee 
INDICATOR DIAGRAM 


Crank ; 
“headed ped | ; : Veco eens 
Degrees Test | Test Test Test | Test | Test Test | Test | T 
5 Be tae | No. 47 | No. 48 | No. 49 | No. 50 | No. 22 | No. 23 | No. 24 | No. 25 | Ne 
; 2 A ese 
0 0.0 | 110.0 | 133.0 | 102.0 | 109.0 | 66.0 | 80.0 | 104.0 | 124.0 | 1 
6° Nac ds24 .76.0,| 9120 4, 84.0 1 88.00) 50.00) 67.0 1 9000) ee.o 
8 2.3} 71.0 | 80.0 |] 80.0] 74.0-]. 55.0 | 680.|.72.0 |, 62.0 
10 3.5| 66.0 | 75.0 | 74.0] 67.0 | 52.0] 59.0 | 67.0 | 76.0 
12 5.0] 63.0 | 66.0 | 70.0] 64.0] 49.0] 55.0 | 63.0 | 72.0 ) 
Pe ab a7 10.0] 52:0 | 56.0 | 57.0 | 55.0 | 41.0 | 46.0 | 52.0] 658.0 Os 
Jel 15.2] 44.3 | 49.0] 50.0 | 47.0 | 34.0 | 40.0] 43.1 | 50.0 1 
24 19.8 | 39.8 | 42.3 | -43.1 ) 39.9 | 30.7 | 34.6 | 38.6]. 43.1 
30 20.41 8156 ) 34.5 86,20", 88.01 2821 OF ey ae. Way sae tie 
36 40.0; 25.6 |, 27.7 |, 38.0), 26.8.1 19.49) 22.60) Bied A eyed A 
42 £0.43) 10.7 22s 1, 20 SOL 16,4 Yea | Bie ah ie 17.4 
48 | M0i.0| 17,1 | 18.8 | 18.8] 17.0 | 14.0 | 46.8 |, 16.8), 13.25) aa 
54 7.7) 15.6 | 16.4] 16.6] 14.9] 12.1] 14.4] 14.8] 16,2 | 13.1 
60 70.5) 14.0 [ 14.6 | 15.2] 13.7 | 10.6] 19.4] 13.7 | ga? | ae 
65 85.8 | 12.9] 13.9 | 14.0] 12.9 9.51 11.3} wa] Biz oe 
70 90:8). 12.3 1, 13.00) 38.6.) 41.7 8.3} 36.6 f 11.5 eee 9.4 
80 OT The 10.8 — 13-0) AEB) a ae nal 9.8 | 10.4] 11.6 8.5 
90 | 100.0] 10.0] 10.8] 11.3 9.9 76°) ¢ G2 # Ge eee 8.0 
100 a7. Fa 9 | 400k 10.8 8.7 7.38 8.8 9.0 9.8 Be 
110 90.8| 8.9 955/104 8.7 7.0 8.4 8.6 9.4 7.0 
120 79.8.| 8.5 9.3 9.5 a9 6.5 7:6.) — 8.8 9.2 6.6 
130 64.4; 8.4 9.0 9.1 8.6 6.0 7.3 7.9 9.1 6.2 
140 47.0} 8.1 8.8 9.1 8.7 6.0 7.3 7.9 9.1 6.2 
150 20 7ae 48.8 9.2 9.5 9.1 6.2 7.4 7.1 9.4 6.5 
160 14.0}, °0.3-), 10.2) 10,1 | 26:2 7.6 8.6 9.0] 10.3 7.3 
168 5.2] 712.8 (1.8 |) 120 11.9 1 11.5: 7 ies" We ae ne eee 
170 3.5], 12.2) 12.8) 12.41] 12.6] 12:6 | 13,1 | 12.9) 44:94 ae 
173 2.0) 13.5) 18.2] 18.0] 18.7) 18.61 714-4) en) da eee 
175 1.0) .14.3 | 18.8 |. 14.3/| 14.0] 14.4] 34.8 | 144°) jag 
180 0.0, 14.6) 14,8 | T&0) Wa...) 14799) 38.8 | 14.8 ) ogee d | aes 
182 O;2)| 14.8") 14.4 | 15.0.) 14.8 | 15.1 |) Abas) 15.0 | 995.0 | ee 
190 3.5). 15.0 | 14.7) 16.47) 15.1 | 15.6) 15.84 gasoe see 
200 14.00) 15.3 | 18.2 ) 15.7] 15.8) 16.9% 1658 1) 4505: [eee ee 
210 20.4} 15.1 | 15.4 | 15.4 | 15.4] 16.2) 16.3.| 15-3 |) “ah Wage 
220 47.0.) 14:4 4514.8 | 14.7) (15.2.4. 095,5°| 15/81 id.6 00) aa fe eee 
230 G44.) 14.0 | 14.0) 144 1 1d Be tae) ia oe i 
240 79.6.) 14.3 | .04.2.) 14.4) “WSO |) 145 | 44.0 1} aaa 4k Pees 
250 90-8 | 15.8.| 15.6.) 16.1 | 14.2] 16.7] 46,94 16.8 1) 166% sane 
260 97.7 | 19.2 |. 19.0 | 19.6] 15.0] 7.81 18.8 | 18.9 | op.3 ) sare 
270 | 100.0) 24.4) 28.8 | 23.8] 19.0 | 21.4] 99.6 | 29961] o64) sre 
280 97.7 | 27.7 | 29.7.| 20.5 | 28.4 | 94.7 1? 26.6] 97.111 “g9-g wee 
200 | 90.8) 30.7 | 32.6 | 32.4] 29.3 | 97.7.1 90.1 | soa | 354°) "oe 
300 79.5 | 35.4°)~87.4 | 88.1) B5.2 | 32.9"1) Bea |” Besa) ae: geo 
307 69.4} 42.3 | 43.3 | 44.1 | 41.9] 37.2] 39.0] 40.1] 42.1 | 36.1 
313 50,4)" 46.0 |) 51.0-| 61.0] 50.0 | 42:2 |—46.g |) graces 
318 50.4 | 56.0] 58.0 | 59.0 | 57.0} 50.2| 52.0/ 50.01 56.0 | 47.0 : 
324 39.8} 70.0} “70.0 | 70.0 | 70.0} 61.0] 64.0] 65.0 | 66.0). 61.0 
330 29.4) 84.0 | 87.0] 88.0 | 87.0 | 77.0 | 82.0 | 82.0] g8.0 | 80.0 
336 19.8 | 108.0 | 108.0 | 110.0 | 110.0 | 100.0 | 105.0 | 107.0 | 112.0 | 104.0 
339 15.4 | 122.0° | 12870 |" 124-0 | 126.0") 4510.) 218 0) ee en 122.0 
343 | 10.2] 141.0 | 145.0 | 141.0 | 144.0 | 136.0 | 140.0 | 145.0 | 144.0 | 150.0 
345 8.0 | 153.0 | 155.0 | 149.0 | 150.0 | 146.0 | 145.0 | 157.0 | 154.0 | 160.0 
348 5.2 | 163.0 | 166.0 | 154.0 | 156:0 | 155.0 | 157.0 | 166.0 | 161.0 | 169.0 
350 3.5) 165.0 | 177.0 | 156.0 | 163.0 | 159.0 | 157.0 | 173.0 | 164.0 | 177.0 
351 de Oe CERN incre eat rev oi eek, Ue) 
352 2.4 | 168.0 | 182.0 | 160.0 | 166.0 | 159.0 | 137.0 | 176.0 | 165.0 | 174.0 
353 1.9) 164.0 | 181.0 | 159.0 | 165.0 | 129-0 | 130.0 | 164.0 | 164.0 | 168.0 
354 ibe Cee ERRORS Teeter ek el eee 
355 1.0 / 151.0 | 174.0 | 152.0 | 150.0 | 109.0 | 105.0 | 139.0 | 154.0 | 144.0 
360 0.0) 111.0 | 133.0 | 102.0 | 109.0 | 66.0 | 80.0 | 104.0 | 124.0 | 104.0 
Maximum]... | 168:0 | 184.0 | 161.0 | 170.0 | 159.0 | 158.0 | 176.0 | 166.0 | 178-0 
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TABLE 5.—INpicaTor Diacram Data (CONCLUDED) 


Pressure in lb, per sq. in. 


Test Test Test Test Test Test Test Test Test 
No. 27 | No. 29 | No. 30 No. 31 |No. 51H!No. 52H!/No. 53H|No. 54HINo. 55H 
i 114.0 165.0 119.0 144.0 | 88.0 83.0 70.0 101.0 75.0 
: 86.0 121.0 97.0 109.0 81.0 73.0 66.0 85.0 69.0 
; 79.0 104.0 88.0 99.0 76.0 70.0 63.0 82.0 66.0 
' 75.0 90.0 80.0 89.0 73.0 68.0 60.0 79.0 63.0 
} 71.0 83.0 72.0 82.0 69.0 63.0 57.0 74.0 60.0 
; 56.0 65.0 59.0 66.0 58.0 54.0 49.0 62.0 51.0 
; 44.1 53.0 48.0 55.0 50.0 45.2 41.1 54.0 42.1 
} 38.1 47.0 41.2 47.0 43.0 40.1 37.2 47.0 38.1 
‘ 30.1 37.1 32.2 36.1 35.1 33.3 29.5 39.1 30.5 
t 24.1 29.2 26.2 28.1 28.4 26.4 21.9 30.5 24.4 
{ 19.1 PE A 20.2 24.1 21.2 20.1 18.6 25.4 19.1 
16.1 19.7 VES 19.6 18.5 17.3 15.8 20.1 16.6 
14.2 16.8 15.2 ny fhe 16.5 15.6 14.1 17.8 14.9 
i 7 15.3 13.9 15.3 14.7 13.6 12.4 16.2 13.5 
11.5 14.4 12.5 14.3 14.0 13.2 11.3 15.2 12.3 
. 10.6 13.8 11.6 13.7 13.5 12.4 10.5 14.4 11.5 
ot co Nor 12.4 10.7 12.6 12.5 11.4 o.7 13.7 10.6 
0 8.9 11.4 5.7 11.6 11.8 10.6 9.1 13.0 10.1 
<i 8.4 10.5 ae ge fs ile 11.0 10.1 8.9 12.4 9.7 
8 7.9 9.9 | Seal 10.1 10.5 9.8 8.6 11.9 9.4 
9.5 7.6 9.8 §.5 9.8 10.0 9.1 8.1 12 2 8.8 
4 ae 9.5 8.3 9.6 9.0 8.5 7.3 10.3 8.1 
.0 (ae 9.3 8.2 9.3 8.5 7.4 6.7 vd 7.3 
4 ees | 9.7 8.3 9.6 9.0 8.1 (bee: 9.6 Yo 
0 8.0 10.4 9.2 10.3 9.6 9.2 8.3 9.8 9.0 
2 INU | 12.8 11.8 12.6 11.4 11.4 11.2 11.8 FES 
.5 12.3 13.7 13.0 13.4 12.3 11.9 12.2 12.6 12.3 
.0 13.8 14.6 14.2 14.3 13.2 13.1 13.1 13.6 13.3 
.0 14.3 15.0 14.7 14.7 13.7 13.6 13.5 14.0 13.8 
.0 14.7 15.5 15.4 15.2 14.3 14.1 13.8 14.6 14.2 
22 14.9 15.6 15.4 15.2 14.3 14.2 13.9 14.7 14.2 
5 15.1 15.7 15.5 15.4 14.7 14.6 14.2 15.1 14.6 
.0 15.4 15.6 1B 15.6 15.2 15.2 14.7 15.4 15.1 
4 15.4 15.3 14.8 15.3 15.3 15.4 15.5 15.5 1B? 
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8 15.7 16.9 16.7 16.9 15.5 ee A 14.4 16.1 14.7 
a4 18.2 20.5 20.4 21.2 19.0 17.9 16.6 19.6 17.2 
.O 21.6 26.2 26.2 282% 23.5 22.3 20.6 24.4 21.3 
ati 26:1 29.1 29.2 Ef 29.4 27.5 25.9 30.5 24.7 
8 28.1 Bo 32.2 Boe 32.3 30.5 28.7 33.3 29.6 
fi 33.1 ot. Bice 38.1 38.0 35.2 34.3 38.1 34.3 
4 38.1 43.1 42.2 44.1 43.0 aie. 39.1 45.2 40.1 
4 44.1 50.0 49.0 49.0 52.0 47.0 45.2 52.0 46.0 
4 52.0 58.0 57.0 61.0 59.0 56.0 53.0 60.0 55.0 
8 63.0 74.0 72.0 75.0 72.0 67.0 63.0 74.0 66.0 
4 $4.0 94.0 92.0 92.0 90.0 85.0 81.0 93.0 84.0 
ate) ali) 126.0 121.0 123.0 113.0 107.0 102.0 117.0 106.0 
4 129.0 145.0 138.0 138.0 130.0 122.0 115.0 132.0 120.0 
2 157.0 168.0 152.0 150.0 148.0 143.0 137.0 152.0 143.0 
345 8.0 170.0 184.0 161.0 163.0 154.0 156.0 149.0 159.0 154.0 
348 Sey. 178.0 190.0 169.0 172.0 158.0 L710 166.0 GD ee vis 
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354 en rr emer ee Mpeg Mts yam eter AS sewn ore ft es 
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360 0.0| 114.0 | 164.0 | 119.0 | 144.0 | 90.0 | 83.0 | 71.0 | 101.0 | 75.0 
Maximum| ... | 181.0 | 194.0 | 181.0 | 181.0 | 160 173.0 | 185.0 | 162.0 | 187.0 
| De Ses ee ee penal ee ee 


ie re ILLINOIS ENGINEERING EXPERIMENT STATION 


V. Discussion or RESULTS 


49. Tables of Results—The results of the tests are given in 
Tables 3, 4, and 5. Table 3 contains the observed data and Table 4 
the caleulated results. Table 5 contains the indicator diagram data 
for all tests. 

50. Effect of Air-Gas Ratio on Thermal Efficiency—In Fig. 12 
are shown the thermal efficiencies obtained when illuminating gas was 
used as a fuel and the air-gas ratio varied. The engine had a com- 
pression ratio of 5.00. Three thermal efficiency curves are shown: 


(1) the ideal thermal efficiency of the adiabatic cycle, based 
on the assumption that complete combustion had occurred at. the 
time maximum pressure was attained ; 


(2) the thermal efficiency of compression, explosion, and 
expansion, based on the actual indicator diagram; 
(3) the indicated thermal efficienéy. 


It is evident from Fig. 12 that the method of calculating the 
ideal cycle gives an efficiency curve of very nearly the same shape 
as the actual efficiency curves, and lying practically parallel to them. 
The ideal efficiencies range from 37.1 per cent to 42.0 per cent while 
the actual efficiencies range from 21.9 per cent to 29.9 per cent. This 
difference is, of course, due to the heat loss during the cycle and the 
work of suction and exhaust. The curve of thermal efficiency of 
compression, explosion, and expansion lies between the ideal and 
the actual curves. The difference between the curve of thermal 
efficiency of compression, explosion, and expansion and the curve of 
indicated thermal efficiency (of the whole cycle) is, of course, due to 
the loss occasioned by the work of suction and exhaust. The difference 
between the ideal (adiabatic) efficiency curve and the curve of thermal 
efficiency of compression, explosion, and expansion is due to the slow 
combustion and the heat loss during compression, explosion, and ex- 
pansion. It is evident, then, that the method of calculation employed 
in these tests gives a means of separating the ‘‘pumping’’ losses from 
the heat losses. 

It should be noted that the ideal thermal efficiencies given by 
the upper curve are calculated on the basis of complete combustion. 
Test No. 22, at a mixture ratio of 5.337, was also calculated assuming 
dissociation (see pages 32 to 33, and the resulting ideal thermal 
efficiency was 36.76 per cent, as compared with 37.06 per cent for the 
complete combustion case. For Test No. 22 the value of x at equil- 
ibrium was 0.9288, and the value of y was 0.988. It is evident that 
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for this particular gaseous fuel the difference in the efficiencies caleul- 
ated on the basis of complete and incomplete combustion respectively 
is small. For the other tests of this series, at a compression ratio of 
5.00, the values of x and y at equilibrium were found to be unity (or 
practically so). That is, with leaner mixtures, dissociation becomes 
less, and for all practical purposes it can be assumed that x and y are 
unity. 
j By similar calculations and comparison it was found that the 
dissociation at other compression ratios was small, and therefore the 
ideal efficiency curves shown are those based on calculations assuming 
complete combustion at the time of maximum temperature. 
' Figs. 10, 11, and 13 show the three efficiency curves for tests in 

which the engine was operated with compression ratios of 4.00, 4.48, 
-and 5.78, respectively. These curves show the same general char- 

acteristics as those previously discussed. Fig. 14 shows the thermal 

efficiencies obtained when hydrogen was used as a fuel, the engine 
operating at a compression ratio of 4.43. The curves have the same 
general appearance as those for illuminating gas. 

Fig. 15 shows the ideal and indicated thermal efficiencies plotted 

against the heat of combustion of one cubic foot* of the mixture 
charged into the engine. The air standard efficiencies calculated from 


the formula 
ea eee aia 
7 


are also shown. In this formula r is the compression ratip, and K 
is the ratio of the specific heats, or 1.4. 

It is evident from these curves that the curve for ideal thermal 
efficiency continued back to the ordinate of zero heat of combustion 
(or to the point where the mixture is pure air) coincides very well 
with the air-standard efficiency. The curves of indicated thermal 
efficiency have almost the same slope as the ideal efficiency curves 
and intersect the zero ordinate at a certain distance below the ideal 
efficiency curves. This distance represents the heat loss which would 
occur if the actual engine with its accompanying heat losses was 
operated under the conditions adopted for the definition of the air- 
standard cycle. ; = 

51. Effect of Compression Ratio on Thermal E'fficiency.—k ig. 
16 shows the effect of compression ratio on the indicated thermal 
efficiency, for various air-gas ratios. These curves were derived 
from the efficiency curves described in Section 50. 


* The cubic foot referred to is the cubic foot mxture at 60 deg. F. and 29.92 in. 


of mercury pressure, 
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From these curves it is evident that in general an increase in 
compression ratio results in an increase in efficiency. 

This increase in efficiency is’ partly due to the fact that when 
higher compression ratios are employed, the superficial area of the 
combustion space at the time of ignition is reduced, thus reducing 
the heat loss; also the maximum gas temperature is raised, and the 
amount of wore from the cycle is thereby increased. The greater 
ratio of expansion results in a lower temperature at the end of 
expansion, thus tending to increase the efficiency. 

Fig. 16 also shows the ideal thermal efficiencies, plotted against 
compression ratio, for various air-gas ratios. It may be noted that 
the slope of the indicated efficiency curves at the lower compression 
ratios is practically the same as the slope of the ideal efficiency curves. 
At higher compression ratios, however, the slope of the indicated 
thermal efficiency curves decreases, nite the ideal efficiency curves 
continue as practically straight lines. From the i increasing difference 
in slope of the two sets of curves the influence of the rapidly 2 increasing 
heat losses at higher compression is at once evident. 


Figs 
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Fic. 16. Errect or Compression RATIO oN THERMAL EFFICIENCY 


A few tests were also made on the engine adjusted for a com- 
pression ratio of 6.50. These tests show a lower indicated thermal! 
efficiency than those at a compression ratio of 5.78. 

It was very noticeable, however, that the engine ran irregularly 
when the 6.50 compression ratio was used and that while no definite 
evidence of detonation or other abnormal phenomena was obtained, 
the operation of the engine was not as smooth as it was when lower 
compression ratios were employed. 

For this reason the tests for the 6.50 compression ratio are not 
given in full. The decrease in thermal efficiency was noticeable, and 
can unquestionably be attributed to the generally unsatisfactory 
operation of the engine. : 

52. Effect of Different Fuels on Thermal Efficiency —In Fig. 
17 the ideal and indicated thermal efficiencies for tests at a compression 
ratio of 4.43, and with illuminating gas and hydrogen as fuels are 
shown. It is evident from these curves that the efficiencies, both ideal 
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ae actual, using the two fuels, cover approximately the same range. 

The tests with hydrogen were made with lower air-gas ratios, as was 

demanded by the characteristics of the fuel. 

It is evident, however, that a greater difference might have been 

observed between results obtained with the two fuels if the illuminating 
as had not contained so large a proportion of hydrogen, thus making 

its action quite similar to that of the hydrogen fuel itself. 

The apparent discrepancy in the two points on the ideal efficiency 
eurve for hydrogen (Fig. 17) for air-gas ratios of 2.73 and 3.15 is 
explained by the difference in the amount of impurities in the hydrogen 
as drawn from the gasometer (see Table 3). 
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Fig. 17. Errect oF DIFFERENT FUELS ON THERMAL EFFICIENCY 


53. Potential Efficiency—F rom the ideal efficiencies and the 
efficiencies of compression, explosion, and expansion a potential 
efficiency curve has been computed for tests at a compression ratio 
of 5.00 (see Fig. 18). The potential efficiency increases with an 
increase in air-gas ratio since the heat loss for the weaker mixtures 
is relatively lower. Any factor that will increase the velocity of 
reaction or reduce the heat loss will increase the potential efficiency ; 
e.g., dual ignition, turbulence, ete. 
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The potential efficiency of the compression, explosion, and expan- | 
sion process tends to reach a maximum and then decrease as the — 


mixture is further weakened, since the rate of combustion becomes 
so low that a portion of the unburned gas escapes into the exhaust. 
The potential efficiency based on the net actual indicated efficiency 
does not show this maximum since a greater total weight of charge 
has to be drawn in when the weaker mixtures are used for a given 
load. and thus the work of suction is reduced. 

Potential efficiency curves for the tests at other compression ratios 
are also shown in Fig. 18. These curves exhibit the same general char- 
acteristics as those already discussed. 

04. Heat Loss and Reaction Velocity—In Fig. 21 are plotted 
the curves of the function [H + (1 — z)H,] for tests at a compres- 
sion ratio of 5.00. The method of calculating this function was 
described in Section 25. H is the heat loss to the walls of the eylinder 
from 15 per cent of the compression stroke to any given point on the 
expansion stroke; z is the progress of the explosive reaction, con- 
sidered as a whole; H, is the heat of combustion of the fuel for condi- 
tions existing at 15 per cent of the compression stroke. 

Taking the curve of this function for Test No. 22 (Fig. 21), it 
is at once evident that at 0 per cent of the stroke (compression dead 
center) the value of [H + (1 — z)H,] is very high. At this time 
H is zero, since inflammation has not yet occurred, also zis zero. Hence 
the value of the function is simply H,. As the piston moves out, how- 
ever, the reaction progresses, and thus the factor (1 —- z) H, decreases. 
At the same time H, the heat loss, increases. The heat loss does not 
increase as rapidly as the factor (1 — z)H, decreases, and so at first 
the value of the funetion decreases, as shown in Fig. 21. After a short 
time, however, the temperature of the gases is high, and the heat 
loss increases rapidly, so that its effect balances the decrease in the 
factor (1 — z)H,, and the curve attains a minimum (at 9 per cent 
stroke for Test No. 22). At this point the rate of heat loss equals 
the rate of evolution of heat by the reaction, and maximum pressure 
also exists. Then the heat loss increases, and the value of (1 — 2) ie 
decreases slowly (since the reaction is very near completion). There- 


fore the curve rises, and gradually attains a maximum near the end 
of the stroke. 


Let the function [H + (1—2)H,] be denoted by F 
=H + (1— ZH, 
Differentiating with respect to time 
ak dH dz 


—_—_ FF ——— — VER, ee 
dt dt dt 


81 


A THERMODYNAMIC ANALYSIS OF GAS ENGINE TESTS 


SOILVY NOISSHUdNOD SHOIUVA LY SESH], YOX AONTIOWMAY IVILNALOG ‘ST “DIA 


ONOY 509-7 OWOY SOD cate 
EY he a 6 g Z Lv) & e Ae le GU) 6 2 9 & v 


SCs igor 2a 
ete paps | 3 
PAS 
men axz7| | |u| Ba 
: Ene ees ‘idl ls = 
Seer creer 
SJ eee fees SI 
ENS 
o08 
ns 
bay 
Pagano : 
AN) 
298 
C,. 
SES 
oN 


WOISUPAKT (2U0 U0/$ Of AXF. 
G WOlSSB1IMMOD JO OUA IT 


08 


82 . ILLINOIS ENGINEERING EXPERIMENT STATION 


in which is the rate of heat loss and 


q 

is a measure of the } 
4 

] 


dH . Me 
reaction velocity. It is highly probable that di is always positive; — 
that is, the flow of heat is always from the hot gases to the cooler | 
cylinder walls. It is hardly probable that the gas temperatures, even — 
at the end of expansion, become less than the temperature of the © 
eylinder walls. 


is’ 


: : ; dH 
The following analysis substantiates the hypothesis that it 


always positive. During the most active part of combustion, that is, 
during the period of attainment of maximum temperature, the piston 
is near the dead center so that the only surfaces exposed to the gas 
are the black carbonized surfaces of the piston and the cylinder head. 
These surfaces also have a fairly low temperature, due to the cooling 
effect of the incoming charge, and therefore form ideal surfaces for — 
absorbing radiation. A material decrease in the temperature of the 
gases close to the walls is therefore effected during the combustion. 
As the polished surface of the cylinder wall is uncovered no great 
increase in heat loss can be expected from the increase in the area 
exposed since the polished surface will reflect a considerable amount 
of the incident radiation. During the expansion stroke the gas 
temperature decreases and a slow conduction of heat back through 
the metal from the hot black surfaces also occurs. The mean gas 
temperature dropped about 950 deg. F. during the expansion for 
Test No. 24 and about 730 deg. F. for Test No. 25. This material and 
rapid drop in temperature may be sufficient to lower the gas temper- 
ature below that of the temperature of the black surfaces (this tem- 
perature being maintained because of the low rate of conduction) so 
that radiation of heat back to the gases occurs during the latter part 
of the expansion stroke. . 

Measurement of heat losses made ov explosions in closed vessels 
shows that a decrease in the rate of total heat loss occurs as the time 
elapsed after ignition increases. In the actual engine cylinder it 
would be expected that the effect of increased area during the expan- 
sion stroke would counteract the effect of decreased temperature so 
that the rate of heat loss would tend to be more or less constant. 
This is found to be the case for Tests Nos. 22 and 23. 

For Test No. 22 the temperature drop during expansion is 1230 
deg. F. and for Test No. 28 it is 980 deg. F. The maximum temper- 
atures are 3720 and 3330 deg. F. abs., respectively. For Tests Nos. 
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| 24 and 25 the maximum temperatures are 2950 and 2580 deg. F. abs., 
| Tespectively. The maximum temperatures for Nos. 22 and 23 are 
greater than for Tests Nos. 24 and 25. Since the rate of radiation 
is a function of 7", where n is probably about 4; the temperature 
of the carbon surface should be much higher for Tests Nos. 22 and 
23 than for Nos. 24 and 25. The first two tests show a greater drop 
in temperature during expansion than the last two tests. It would 
| therefore be reasonable to expect some indication of radiation back 
to the gas from the walls during the latter part of the expansion 
_ stroke for Nos. 22 and 23 but the curves of [H + (1—z)Hy»] do not 
show any such radiation. 

A calculation was made for Tests Nos. 24 and 25 to determine 
if the drop in the [H+ (1 — 2)H,| curves was due to combustion 
‘of the lubricating oil used. From this calculation it was found that 
ene combustion of the lubricating oil would account for only a very 
‘small part of the drop in the curves. In general, it may therefore 


7 dH 
be concluded that 7 


(which represents the slope of the ‘“‘F'’”’ curve) becomes negative, it 


F ie : : ee GE: 
1S a positive quantity, and if the function ers 


d ae ; : 
follows immediately that Ts must be positive; that is, chemical 


energy is being liberated by some reaction taking place. Fig. 21 
shows the curves of the function F for tests with a compression ratio 
of 5.00. 

It may be noted that for Test No. 23 the function F, after 
passing through a minimum, continues to increase steadily till the end 
of the expansion stroke is reached. This curve thus indicates that 
the reaction has been completed early in the stroke, and that no 
unburned gases, which will burn later in the stroke, are left in the 
valve pockets and other recesses. 
| The same reasoning applies for Test No. 22, except that a second 
period of reaction, or perhaps a more intense phase of reaction, occurs 
between 20 and 35 per cent stroke, as shown by the negative slope of 
the F' curve. 

The [H + (1 —z)H,] curves for Tests Nos. 24 and 25 show a 
secondary addition of heat to the gases during the latter period of the 
expansion stroke after the initial combustion is apparently complete. 
This reduction in the function [H + (1 — 2)H,] may be explained 
by the fact that the weak mixtures are comparatively slow burning. 
The flame of the initial combustion may not reach the gases in the 
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utlying parts (valve pockets, ete.) of the body of gas before the 
ity of reaction is materially reduced. During the period of this 
uced flame velocity the heat loss factor H in the expression 
+ (1 —z)H,] becomes dominant and the value of the function 
eases. As the expansion proceeds turbulence is established, and 
remaining gas mixture burns. Since the reduced temperature 
results in a lowered rate of heat loss, this secondary burning is suf- 
ucient to cause a reduction in the value of the function [H + (1—z)H,]. 
Figs. 19, 20, and 22 show the curves of the function F — 
[H + (1 — s)H,] for the other three series of tests. These curves 
l to the same general conclusions as the ones for the 5.00 compres- 
| sion ratio. 
55. Effect of Mixture Ratio on Combustion Speed—The minimum 
points on the curves of the function [H + (1 — z)H,] may be taken 
| as a measure of the time at which the reaction is approximately near 
completion. At least, the minimum point of the curve very probably 
represents the time at which about the same fraction of the chemical 
energy of reaction is liberated in each test. Hence a comparison of 
the times in the stroke at which the minimum points on the curves 
} occur will probably show the influence of mixture ratio on combustion 
Speed. 
. In Fig. 24 are shown the points (plotted against air-gas ratio) 
| at which these minima occur for the various tests with illuminating 
| gas. The tendency for the speed of reaction to decrease as the fuel 
“mixtures become weaker is apparent. No pronounced or regular 
variation in the time of reaction with various compression ratios is 
evident, however. 
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56. Heat Losses—Figure 25 shows the relation between heat 
losses and air-gas ratio. The upper curves represent the actual total 
heat loss calculated from the weight and rise in temperature of the 
cooling water. The lower curves represent the value of the function 
[H + (1 —z)H,] at 90 per cent of the expansion stroke, or practic— 
_ ally at the time the exhaust valve opened. The difference between 
the two curves represents the part of the heat lost to the exhaust, 
since the water jacket surrounded the exhaust valve cage. * 

It is evident that the heat loss as shown by both curves decreases 
rapidly with weaker mixtures. This decrease is the result of the lower 
gas temperature throughout the cycle when the weaker mixtures are 
used. Fig. 26 shows the variation of the calculated maximum temper- 
ature of adiabatic complete combustion with the air-gas ratio. It may 
be noted that the compression ratio has a comparatively small effect 
on the maximum temperature. This fact is further illustrated by Fig. 
27, which shows the curves of actual heat loss and value of 
[H + (1 —2)H,] for the four compression ratios. The variation of 
heat loss between different compression ratios is considerably less 
than the variation caused by a change in the air-gas ratio. The 
curves of Fig. 27 show an apparent discrepancy, in that the curve for 
a compression ratio of 4.00 lies out of its proper position with respect 
to the other curves. This discrepancy may be explained by the fact 
that the fuels employed in each test differed in composition. <A varia- 
tion in the fuel will cause a considerable variation in maximum tem- 
perature, and consequently in the heat loss. 

57. Possibilities of Increased Efficiency—At a given compres- 
sion ratio and at a given load the greatest possibility for gain in 
efficiency lies in the adjustment of mixture Strength. In the range 
tested the efficiency increased from 21.90 to 29.63 per cent. In order 
to make possible the use of the weaker mixtures the induction system 
must be designed to prevent backfiring. 

By the design of free passages for the inlet and exhaust valves and 
also by the proper selection of engine size for a given power require- 
ment a further maximum increase from 29.63 to 34.25 per cent is 
possible. This 34.25 per cent efficiency is the maximum since for 
this case the losses due to induction and friction in the exhaust are 
zero. 

Increases in the efficiency of the compression, explosion, and ex- 
pansion process are made possible by the proper design of the combus- 
tion chamber to give the most complete combustion in a minimum | 
time with a minimum area exposed. The design of the combustion 
chamber to give maximum turbulence may be more effective in increas- _ 
ing efficiency than the design for a minimum surface area per unit 
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of volume. Valve pockets are detrimental to efficiency except in those 
cases where they aid in creating turbulence (lL head). 4 
No great increase in efficiency may be expected by reducing the 
heat lost to the jacket. For Test No. 25 an increase in efficiency 
from 34.25 to 42.02 per cent or only 7.77 per cent would be ob- 
tained if the explosion were instantaneous and if the heat loss of 
17.8 per cent were reduced to zero. From the heat balance, Table 
4, it may be seen that the major portion of any heat saved by 
making the cycle more nearly adiabatic is transferred to the exhaust 
loss and not to the work done. The increase of 7.77 per cent in 
efficiency made possible by the reduction of the 17.8 per cent heat 
loss to zero would only be obtained in the case where explosion was_ 
instantaneous. Since the explosion is not instantaneous the gain from 
reducing the heat loss to zero would be less than 7.77 per cent. 


VI CoNncLUSIONS 


58. Summary of Conclusions.— 

(1) A method. has been developed for calculating the ideal | 
adiabatic Otto cycle. This method gives results which differ 
from the actual cycle by amounts which can be accounted for 
by the various engine losses. 

(2) A method has been developed for estimating the progress 
of the explosive reaction during the expansion stroke, and for 4 
determining the time at which the reaction is practically com- 
plete. ! 

(3) The thermal efficiency of the engine tested at first 
increased with increasing air-gas ratios, finally attaining a maxi- 
mum; and then decreased as the air-gas ratio increased. 

(4) The thermal efficiency of the engine tested at first 
increased rapidly with increasing compression ratio, and tended 
to reach a maximum value at a compression ratio of about 6.00 
to 1. If the compression ratio was increased beyond this point, 
the thermal efficiency decreased, and the operation of the engine ~ 
became irregular. | 

(5) The curves of ideal thermal efficiency and indicated - 
thermal efficiency obtained are of the same shape and lie practic- 
ally parallel, substantiating the accuracy of the theoretical 
analysis of the cycle. 

(6) The effect of dissociation with the particular fuel used 
was found to be very slight. The dissociation at the calculated 
maximum temperature in most cases was zero. 


io & ee Hewever the oe fucks fone were some- 
ilar in character, and therefore no pronounced difference 


tay It has been definitely established that the reaction in 


the yee is not complete at the instant whee maximum pressure 
n and temperature are attained. 


(10) The continuation of the reaction occurring late in the 
_ stroke is sometimes caused by slow combustion, and sometimes 
by the fact that the gas in the valve pockets and other outlying 
~ parts of the combustion space is not ignited until late in the 
stroke. 

(11) The eenaral tendency of the reaction velocity is to 
decrease with weaker fuel mixtures. From the results of the tests 
herein reported, no definite effect of compression ratio on reaction 
velocity is evident. 

(12) The heat loss during compression, explosion, and 
expansion decreases rapidly with increasing air-gas ratios, due 
to the lower gas temperatures attained with the weaker mixtures. 

(13) Compression ratio has less effect on the heat loss 
from the gas than does the mixture ratio. 
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